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ABSTRACT
Diverse communities of bacteria are exchanged between terrestrial and aquatic
ecosystems, and environmental parameters, such as relative humidity and rainfall, have
been found to influence the composition of microbes found on the surfaces of leaves.
Recent studies have shown that wind blowing across water create waves, which create
bubbles that pop and produce aerosols, which become airborne and distribute away from
the water source, eventually settling onto a surface. There have not been studies
documenting how constant aerosolization, like from a waterfall, might cause a change in
the bacteria composition of the immediate surrounding environment. In this study, we
explore how the bacterial compositions of two spatially close wooded environments

(riparian, near the water; forest, away from the water) are influenced by aerosolization of
particles from a waterfall. First, we identified that a riparian zone with a source of
constant aerosolization has higher bacterial counts on leaves than leaves from the forest,
and high aerosol levels than the forest zone away from the water. Next, we used
metagenomic sequencing of the 16S gene of the bacteria washed from the leaves and
from water samples to further explore the taxonomical composition of the water, forest,
and riparian bacterial communities. We found that microbial communities on leaves in
the Saw Kill watershed are diverse, and that leaves in the riparian zone harbored bacterial
communities that were similar to water surface communities. We also found that riparian
leaf bacterial communities and surface water bacterial communities share five times more
operational taxonomic units (OTUs), than forest leaves and surface waters do. This
indicates that the riparian zone has two observed environmental factor that beings it
taxonomically close to the water surface, which the forest zone does not have; the
waterfall and a higher relative humidity. Finally, we document that rain appears to serve
as an important influence on the mechanisms behind what shapes leaf bacterial
communities.
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INTRODUCTION
Recent research has highlighted the potential for atmospheric microbes and
bacteria to play an important role in understanding the ecological connection between
aquatic, terrestrial, and atmospheric environments (Dueker et al. 2012a,b). Currently, the
environmental factors determining the source, concentration, and diversity of bacterial
aerosols are not well understood. Research dedicated to looking into and understanding
the connection between these environments, as well as the many factors that might
contribute to concentration and diversity of microbial aerosols, will help illuminate
pathways between these different environments.
One known source of aerosols is water-shore, or water-water interactions, like
waves or white water rapids (Cipriano and Blanchard 1981; Dueker et al 2012b).
Riparian zones, as environments that contain a body of water, are good examples of
environments that might have more aerosols in the air. In 2007, Laakso et al conducted a
study to explore waterfalls as potential sources of high concentrations of aerosol
particles. Measurements taken near the waterfalls reveal the water spray particles average
in diameters ranging from 0.6 to 2.5 nm. It was found that the concentration of particles
1.5 – 10 nm in diameter were one-hundred fold higher near a waterfall than at a reference
point 100 m away (Laasko et al 2007). If a stream or river running through a forest
contains white water, suggesting that bubbles are being popped and dispersing aerosol
particles into the environment, the riparian trees closer to the waterway might hold higher
bacterial concentrations on their leaves, in comparison to trees farther from the waterway.
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The aboveground portions of plants serve as a habitat for microorganisms, many

of which are thought to originate directly from the surrounding atmosphere (Bowers et al
2009, 2011; Redford et al 2010). A single leaf is capable of harboring one to ten million
bacteria (Preece et al 1971; Hirano et al 2000) and free water from the atmosphere is
known to collect on leaf surfaces due to fog or rain, creating an environment conducive to
microbial growth (Ewing et al 2012). Leaf surfaces have also been shown to provide
conditions for colonization of bacteria that are able to fix atmospheric nitrogen. A study
conducted by Frunkranz et al in 2008 suggests that cyanobacteria, as well as gammaproteobacteria, associated with epiphytes may provide significant nitrogen input into the
rainforest ecosystem (Frunkranz et al 2008). Further, bacteria in leaf ecosystems have
been connected through their habitats to carbon reduction, which suggests bacteria might
be playing a larger role in the environment than we think (Hirano & Upper 2000).
In addition to the sources of aerosols located within the environment (waterfalls
and other sources of white water being examples), meteorological conditions may cause
variations in aerosol concentrations located at a site. High relative humidity (RH) has
been shown to favor continuous colonization of aerosolized bacterial cells onto plant
parts, but not when RH is low (Leben 1988). In a study published in 1990, Marthi et al.
explore how aerosolization affects the survival of bacteria. This study indicated that
aerosolization might in fact affect the enumeration, survival, and function of bacterial
populations (Marthi et al. 1990). Survival was due to environmental parameters (e.g.
temperature, relative humidity), and seemed greatest at low temperatures and high
relative humidities (70%-80%). The concentration of airborne bacteria and particulates
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has been shown to increase in high RH, foggy conditions by up to two orders of
magnitude (Fuzzi et al 1997).
Dueker et al. conducted a study in 2012 documenting a marine-terrestrial transfer
of microbes in a near-shore environment. In the conclusions of this study, the researchers
were able to couple the fog and ocean microbiologically, creating a possible connection
between air and water quality at sites, as well as a potential for water-sourced aerosols to
be transported into terrestrial environments (Dueker et al 2012ab; Ewing et al 2009).
While microbial biogeography is a developing discipline, proving to be of use to go as far
as exploring the sources of intercontinental dust plumes (Griffin 2007; Weiss-Penzias et
al 2006; Kellogg and Griffin 2006), there is a distinct gap in current the research
conducted of smaller-scale dispersal of aerosols. Many of the small-scale studies that
have been conducted (Evans, Coombes, and Dunstan 2006; Beisner et al 2006; Ettema
and Wardle 2002; Van der Gucht et al 2007) have not compared bacterial communities of
differing biomes.
A positive species-area relationship has been observed and documented between
plants and animals and the areas they inhabit (Horner-Devine et al 2006). This
relationship has been fundamental to the understanding of the distribution of global
diversity of organisms, and such a relationship has not yet been documented for bacteria
(Fitter et al 2005). Very little is currently known with regard to the spatial distribution of
bacteria and other microorganisms, and one reason behind this, as Green and Bohannan
point out in a 2006 review on the spatial scaling of microbial diversity, is that most
bacteria species cannot be identified morphologically, and could only be studied if
successfully cultured in a lab. With the fairly recent application of molecular-
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phylogenetic methods, bacteria are beginning to be viewed and taxonomically
categorized using their genetic information, instead of research being limited to what
organisms can be cultured in a lab.
While there have been may advancements over the past three decades of research
documenting the evolutionary diversification of microbial life, not until recently have we
been able to study microbes that cannot grow in lab settings or under any cultivation.
Metagenomic methods are now making it possible to study natural microbial ecosystems
without the need for lab cultivation. By using the genetic data in environmental samples,
rather than relying on different lab parameters needed to induce unknown bacteria species
to grow, these methods have provided many new discoveries of unknown evolutionary
lineages (Pace 1997; Jackson et al 2002; Fierer et al 2006, 2012).
Of the research that has been conducted on the spatial scaling of bacteria, many
researchers have used plants as the distributive area being compared to species of bacteria
present. For instance, variability in spatial distribution of microbes has been shown to
exist at several scales within the same tree, and even the same leaf (Kinkel et al 1995;
Andrews & Harris 2000). Finkel et al found in 2011 that both geographic location and
tree species were strong determinants of microbial community structures, with the former
being more dominant (Finkel et al 2011). There are other noted variables that contribute
to the composition and diversity of phyllosphere bacterial communities, such as
seasonality and temperature.
In addition to weather patterns having an affect on aerosols, differing
environmental conditions can either add or remove colony-forming units (CFUs) from
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the leaves (for example, rain might wash the bacteria off, or distribute more bacteria onto
the leaves). It has further been inferred that pollution plays a role in bacterial composition
on tree leaves. A study conducted in 2014 observed that the amount of particulate matter
(PM) retained by leaves varied significantly among study sites. The researchers found
that over time the largest amounts of PM were on the leaves of plants growing at the most
polluted sites, indicating that pollution-related aerosols were collecting on, and
inhabiting, the leaf surfaces (Wang, Shi, & Wang 2014).
There has been further research conducted on how aerosolized bacteria distribute
onto the phyllosphere. Studies have found that the spatial and temporal variations in plant
communities can affect the bacteria found on those plant surfaces, and the differing
environments directly influence the composition of the microbial communities of the
plants (Whipps 2008). It was demonstrated that trees in the same locale have highly
similar microbial communities, whereas trees of the same species that grow in different
climatic regions host distinct microbial communities (Finkel et al 2011; Esser et al 2015),
suggesting that spatial and geographical location of the bacteria is more determinant on
the community composition, rather than what species of tree the bacteria lands on.
However, while most studies conducted have shown bacterial community differentiation
across huge deserts and even between countries, differences between microclimates, such
as the difference in communities between an aquatic zone and a terrestrial zone have not
been studied.
To address this gap, we designed and conducted a two-step study to explore
whether an aerosol-producing waterway might increase the bacterial colonization of
leaves in the riparian zone, and if so, that this increase in bacterial colonization will result
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in phylogenetic differences between forest and riparian sites. Our hypothesis was that
proximity to an active waterway would increase bacterial colonization on leaves in the
riparian zone, and that this difference would be noticeable by species shared between
riparian leaves and water, but not with forest leaves away from the water. We address
two basic questions: does the proximity to active waterways increase bacterial
colonization on leaves in the riparian zone, when compared to leaves from forested sites
further from water influence? And, does bacterial colonization of leaves in the riparian
zone reflect bacterial content of the waterway itself? Before sampling, we define and
determine whether the environmental parameters (humidity, air temperature, aerosol
concentration) of the study sites were significantly different between the riparian and
forest biomes. The second step was to explore whether or not a difference is visible
between the sites at a microbial level, in terms of more or less bacteria being aerosolized
at the different sites and what kinds of bacteria are being found on the foliage.

METHODS
Study Sites and Dates
Four sampling sites were chosen along the bank of the Saw Kill as it passes
through the Bard College campus (Annandale-on-Hudson, New York, USA) (Figure 1).
We chose two sites near waterfalls (labeled as riparian), and two that were forest. The
forest sites were at least 65m from the waterfront, and adjacent to the waterfall sites.
Water and forest sites were chosen based on the location of the waterfalls, where water is
being constantly aerosolized, along the Saw Kill. Sampling took place on ten samplings
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dates over the summer, between June and July 2015, and an additional three separate
days in the fall, between late October and early November 2015.
Meteorological and Environmental Conditions
Prior to taking water samples, the date, time, location, weather conditions
(relative humidity, temperature, precipitation) were recorded (Table 1), along with an
observational description of the sampling location. We used a YSI 2030 field sensor to
measure water surface temperature to keep track of whether or not there were any
significant changes in temperature. We used an Aerocet 531S (MetOne, Grants Pass,
OR) on two dates (10/16/15 and 10/23/15), to quantify aerosol mass concentrations at
each of the four sites. Measurements were made at the intersecting point between all
three trees at each site. Each measurement was made for the duration of one minute, with
the Aerocet taking readings every ten seconds in mass size ranges of PM1, PM2.5, PM4,
PM7, PM10, and TSP (total solid particulates), with a concentration range of 0 – 1000
ug/m3 (Figure 2).
Leaf Sampling Procedure
On every sampling date, three Acer rubrum (Kiviat, personal communication.
2015) leaves were randomly collected in close proximity to one another from three
separate trees at the four sampling sites (Figure 1). This tree species was used because it
was present at each site. Three trees at each site were marked prior to collection with red
ribbon around the trunk, and all leaves collected were 250 – 300 cm from the
ground/water surface. We randomly chose leaves and retrieved them with sterilized
forceps at the base of the stem and broke from the tree (Hirano, Baker, and Upper 1984;
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Jacques, Kinkel, and Morris 1994). Two leaves from each tree were placed into a sterile
50mL falcon tube to be later washed for bacterial DNA extraction. One leaf was placed
into a sterile Nasco Whirl-Pak® to be used for leaf printing and average leaf surface area
calculations (Redford et al 2010; Hirano and Upper 2000). In order to determine leaf
surface area (LSA), all leaves placed into bags were outlined onto grid paper containing
cm3 squares, and secured by having the stem tapped down. After being traced, the
squared inside the leaf outline were counted in order to quantify surface area, and the
leaves were discarded.
Surface Water Conditions and Sampling Procedure
Water was collected for bacterial community extraction, and to account for
turbidity. Rainfall can cause sediments to re-suspend in the water, possibly stirring up
more bacteria, and changes in bacterial composition of leaves have the potential to be
correlated with environmental factors like higher turbidity. Having such a correlation
would be evidence towards rainfall as a mechanism behind higher bacterial
aerosolization.
Water samples were collected on two days (10/29/15 and 11/1/15) from surface
waters at the two riparian sites on the Saw Kill in Annandale-on-Hudson, New York.
Sampling began at the most downstream site, and continued upstream toward the farthest
site in order to assure minimal disturbance of water and sediment. Sampling was
conducted in the same 1m x 1m radius at each site, adjacent to the current. Prior to
sampling, 2-liter bottles were flushed with sample water three times, and then held
sideways in the water with the mouth facing the current, allowing the water to flow
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directly into the bottle. After sampling, each bottle was sealed and immediately stored on
ice in an insulated cooler pack. In order to determine the turbidity of the water from each
site, 15mL of each water sample were loaded into vials and placed into a Hach 2100P
Turbidimeter.
Comparing Leaf Bacterial Concentrations
To test our hypothesis, we grew and counted the bacterial colonies washed from
leaves near the water, and compared them those levels to levels from leaves farther from
the water. Different plating methods so that the number of CFUs (colony forming units)
could be recorded and tracked, and we used the amount of CFUs grown from the leaves
at each site using two different methods as a means to track relationship between
bacterial concentrations found on the leaves at each site.
Concentrations of culturable bacteria for water and leaves were determined by
growing the water and leaf bacteria on LB media with 0.004g Amphotericin B
(LB/AmB), in order to deter fungal growth (Odds 1982). For water bacteria, 100 µl of
water was spread on the plate surfaces. Two different methods were used to quantify
culturable bacteria on leaves. For the first, one leaf from each tree was placed on the agar
by pressing the adaxial side of it on the agar surface using a sterilized, glass-stirring rod.
The second way we measured bacterial concentrations on leaves was by pipetting 15mL
of endotoxin-free Hyclone Hypure™ Cell Culture Grade water into individual falcon
tubes (Hunter et al 2010), each tube containing two leaves from one sampled tree. The
tubes were then vortexed at maximum speed for 5 minutes, and centrifuged at 1300 rpm
for 3 minutes (Kadivar and Stapleton 2003). Using a 25 mL pipette, all supernatant from
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each was then transferred into a new sterile tube, and wash from all three trees per site
were pooled. 100 µl of the pooled wash was then plated onto an LB/AmB plate and
incubated along with the water surface and leaf-print plates. After plates had grown in the
dark at 22-25ºC for 48 hours, each colony on each plate was counted and recorded. This
was repeated on the fourth growth day.
Comparing Bacterial Content of Leaf and Water Surfaces
To overview our process, we needed a way to assess bacterial content on leaves
and in the water. We did so by extracting the DNA from the water samples we had
collected, and the DNA from the leaf wash we had previously prepared. We went through
this process in several steps; first, the bacterial content in the water and wash had to be
filtered and purified until just the DNA of all the cells remained. With that solution, we
amplified the 16S rRNA gene via polymerase chain reaction (PCR). We then moved on to
send the samples out for sequencing and begin our statistical summary of the community
composition of our samples.
Next, we compared bacterial content on leaves and in the water by using qPCR to
measure the concentrations of 16S rRNA. This gene is used to determine phylogeny of
bacterial species based on the sequence variability. After plating, the leaf wash and site
water samples were filtered through a sterivex filter (0.22um) using a sterile 60 mL
syringe. After all solution had gone through the filter, ~45mL of endotoxin-free Hyclone
Hypure™ Cell Culture Grade water was poured into the syringe in order to rinse any
remaining wash through. A filter of only sterile, endotoxin-free water was also made to
serve as a control. The filter was then removed using sterile procedures, and the DNA
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extracted using PowerWater® DNA Isolation Kit (MO BIO Laboratories, Inc.). DNA
concentrations in the extractions were measured using a Thermo Fisher Nanodrop 2000
(Thermo Scientific, Willmington, DE).
Polymerase chain reaction amplification of the hypervariable 16S rRNA gene was
carried out on all summer samples and fall samples. Broad-specificity oligonucleotide
forward primer 515F (forward primer 16S rRNA: CGGTGAATACGTTCYCGG), and
subsequent individual reverse primers per sample (in order to differentiate the samples)
were used in generating amplicons. PCR was performed on 25µL containing 23µL of a
master mix solution containing PCR grade-water, 515F, and OneTaq polymerase, as well
as an additional 1µL of reverse primer, and 1µL of the sample DNA to complete the
25µL. Denaturation was initiated at 95°C for 3 min, followed by 35 cycles, with a single
cycle consisting of lowering the temperature to 90°C for 30 seconds, annealing the
samples at 55°C for 30 seconds, and elongation at 74°C for 30 seconds, with a final
extension step held at 74°C for 10 minutes.
After PCR was complete, all samples were checked to make sure the 16S rRNA
was properly amplified using gel electrophoresis. The gel is made by combining 2.5g of
molecular biology grade agarose with 200mL of TB buffer (108g tris-base, 55g boric
acid, and 50% 9.3g Na-EDTA [aq] every 12 liters) to make a 50% solution of aqueous
agarose. The solution is then heated for approximately 180 seconds, until agarose has
melted, and poured into the mold. All clean samples (n=53, including one a control that
was later removed) were pooled by primer in a 96-well plate and submitted to Juniata
College for sequence preparation and cluster generation.

!

!

Lansbury 12
Sequence data analysis was conducted and performed through sequences in a file

format with QIIME (Quantitative Insights into Microbial Ecology) Virtual Box
(Caporaso et al 2010) following standard protocol. All 53 samples were filtered for
quality sequences before classification of operational taxonomic units (OTUs), alignment
of OTU representative sequences, and chimera removal. Aligned and filtered samples
were then filtered again based on a threshold number of sequences (control was removed
in the pipeline at this point due to low number of sequences), and the remaining 41
samples were submitted to taxonomic assignment, and alpha and beta analyses.
Briefly, we began with filtering the files to exclude out lower quality data (in
order to increase the quality) and submitted the sequences to be aligned with a similarity
threshold of 97% to sequences in the Greengenes 16S rRNA database, a base of preclustered and high quality sequences. We implemented “Open Reference” OTU picking
as way to ensure that reads representing possible novel OTUs were not discarded. After
OTUs were clustered, and all chimeric sequences were removed, the remaining
sequences were grouped into a .biom file (the file QIIME uses for analyses), taxa was
assigned, and finally a digital phylogenetic tree was created using the filtered and aligned
sequences.
At this point, all files containing the sequences and data were transferred to
VirtualBox and used in further downstream analyses. We further filtered samples based
on having a minimum total of 1500 sequence counts of OTUs per sample (Environmental
Microbiology 2006) and filtered by total relative abundance (in order to remove rare taxa
that might cause inflation of data) at .005%. OTUs were binned at the phylum, class,
order, family, and genus levels to account for community description. We chose to
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further discerned OTUs by 95% percent abundance, which was determined by an OTU
representing 5% or more of the sequence data. Using scripts, we processed all the raw
data for each sample in QIIME to generate taxonomic profiles for the environmental
parameters, and beta diversity matrixes.
In order to evaluate how the aerosol content of the air between the riparian zone
and forest zone differed, we compared particulate mass between the sites using Student’s
T-Test. We also applied Student’s T-Test to the relative humidity, and air temperature of
both zones in order to determine any significant differences. Classic Jaccard and
Sørensen abundance-based similarity indices were calculated from the OTU amounts
shared between forest leaves, riparian leaves, and water surfaces in Figure 5. All
statistical analyses in this study were conducted using R statistical software
(Development Core Team, 2009) or QIIME (Caporaso et al 2010).

RESULTS
Meteorological and Environmental Conditions
While the mean air temperature was not significantly different between the forest
and riparian sites (80.45ºC±1.28 and 80.79ºC±1.48) (Student’s T-Test, P=0.43), the mean
relative humidity of the riparian sites (70.24%±0.64) was significantly higher than the
mean relative humidity of the forest sites (65.35%±2.55) (Student’s T-Test, P<0.03)
(Table 1). The water temperature maintained a fairly steady temperature of 18.47ºC±0.38
during the summer, and was colder during the autumn, as to be expected (10.1ºC±0.18)
(Table 1).
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Aerosol particles were detected at all four sites (Figure 2) with the Aerocet 531S.

The highest levels of aerosol particles were captured at the Lower Riparian site, followed
by the Upper Riparian site (Figure 2). All sites showed the presence of particles between
2-5 µm, the size associated with bacterial cells. The highest levels of 2-5 µm particles
were measured at both riparian sites. Both forest sites followed a similar trend in
abundances of particle sizes with not much variability, and the Upper Riparian site did
not vary much in size abundance. The Lower Riparian site maintained high levels of
aerosol particles, and a high variation in concentration. The Lower Riparian site was also
the only site to have a concentration peak around 2-5 µm, while all other sites did not
(Figure 2).
Comparing Water and Leaf Bacterial Concentrations
Average leaf surface areas were calculated per site and were not significantly
different when pooled as “forest” or “riparian” (P= 0.67). Furthermore, normalizing
bacterial concentration data by the LSA also did not change any trends or significance in
the results.
Overall, we observed more CFUs growing on LB/AmB media from riparian zone
leaves than from forest zones leaves. Forest leaf prints yielded a mean of 64.45±10.88
CFUs per leaf, compared to the riparian prints that yielded a mean of 188.5±52.9 CFUs
per leaf, which constituted a significant difference as assessed using paired T-test (P <
0.001). The leaf spreads reflected this finding, with a mean of 109±66.4 CFUs per ml of
wash from forest leaves and a mean of 469.8±218.5 CFUs per ml of wash from riparian
zone leaves (P < 0.001). On a higher, by-sampling day resolution, across both riparian
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sites, an increase in CFUs grown from leaves can be observed after an increase in rainfall
occurs (around 6/29) (Figure 4). The Lower Forest site followed this trend as well, but
the Upper Forest site did not.
Analysis of Metagenomic Data and Community Description
We began the quality control and filtration process in QIIME with 53 samples.
After removing chimera and setting the minimum number of sequences per sample to
1,500, there were 41 samples left (riparian, n=21; forest, n=18; water, n=2) with 8,123
distinct observations (total count: 524,217) and average count of 12,785.8 ± 14,467.8.
Sequences were clustered into OTUs with a 0.05 distance cut off, typically genus level.
Unweighted UniFrac is a metric used to measure distance between communities
of organisms, which only takes into consideration absence, or presence of OTUs, not
abundance (Lozupone, Hamady, and Knight 2006). We combined this metric with the use
of the Principal Component Analysis (PCA) reduction procedure in order to eliminate
redundancy and assess the differences in microbial diversity composition between all
samples. Analyses shows that the forest leaf samples and riparian leaf samples cluster
near each other, but separately with riparian leaves (blue) towards principal component 2
(PC2), which accounts for 7.2% of the variability in the data, and towards PC7 (2.75%
variability), while the forest samples clustered towards the other end of PC2, and
similarly out towards PC7 (2.75% variability) (Figure A1). The water samples floated
between both riparian and leaf clusters, up nearer to PC4 (4.61% variability from the
other samples).
Shared taxonomical levels between biomes (taxa overall, n=1,117; Riparian, n=
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943; Forest, n=776; Water, n=690) are shown through a Venn diagram, created using
GeneVenn (http://genevenn.sourceforge.net/ 2006) (Figure 5). Riparian leaves differed
from forest leaves by having over twice as many unique OTUs than forest leaves did.
Surface water and riparian leaves shared five times more OTUs than forest leaves and
surface water do (100 OTUs and 20 OTUs respectively).
We applied Jaccard’s (SJ) and Sørensen’s (SS) similarity indices to assess the
similarities in species composition between the riparian leaves, forest leaves, and water
surfaces (Table 3). While both indices use presence/absence data, Jaccard’s gives greater
weight to the species that are common between the compared sites, rather than to species
only found in one site. In both Jaccard’s and Sørensen’s indices calculated using the
values in Figure 5, riparian leaves and forest leaves shared the greatest similarity (FvR:
SJ, 0.51; SS, 0.67). There was a significant increase similarity between water surfaces and
riparian leaves (RvW: SJ, 0.29; SS, 0.45) which was not observed between water surface
and forest leaf (WvF: SJ, 0.11; SS, 0.20) (Table 3).
Of the 100 OTUs shared between riparian leaves and water surfaces, many were
associated with marine environments. For example, well known marine organisms such
as Cytophaga (fish: Garnjobst 1945; sea grass: Kurilenko, Ivanova, and Mikailov 2006),
Desulfobacter (marine sediments: Haq et al. 1997; floodplains: Achá et al 2006),
Shewanella (Ivanova et al. 2003; Xu et al 2005) were shared only the water and the
riparian leaves.
At the phylum level, community composition of the surface water, forest, and
riparian biomes is diverse (Figure 7). ‘Unassigned’ is noted throughout the biomes, which

!

!

Lansbury 17

consist of OTUs that could not be matched to a species sequence in GenBank. Overall,
Proteobacteria was the most abundant phyla across all biomes (Riparian, 59.7%; Forest
65.7%; Water, 78.1%). Actinobacteria was also detected across the biomes, but overall at
lower abundance levels from leaves (4.1%±2.4%) than in the water (15.2%).
Bacteriodetes were present at similar levels with riparian and water (13.7% and 11.2%,
respectively) but not forest leaves (3.6%).
Genus found in the top 5% abundance across all samples, and which had been
previously documented as high abundance genus found on leaf surfaces (Erwinia sp.,
Hymenobacter sp., Sphingomonas sp., Methylobacterium sp., Pseudomonas sp.,
Enterococcus sp. (Izhaki et al 2013; Weiss et al 2015; Kim et al 2014) were chosen and
tracked along with rainfall from 7/1/15 (day 4) to 7/22/15 (day 10). As was observed with
tracking CFUs and rainfall, on a by-sampling day resolution both riparian and forest
leaves, Erwinia spikes after rainfall, albeit the spike in forest leaves is a few days behind
the spike in the riparian zone. Both graphs also document a spike in Hymenobacter and
Methylobacterium as well, although to a lower degree.

DISCUSSION
Our hypothesis has three major steps, or questions, that need to be addressed; (1)
that the proximity to an active waterway would increase bacterial colonization on riparian
leaves, (2) that there would be a noticeable difference in species shared between riparian
leaves and forest leaves, and (3) that riparian leaves and the water surface would share
specific OTUs that the forest leaves would not have.
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To address the first section of our hypothesis, we predicted that there would be

greater bacterial colonization on leaves from the riparian sites, possibly due to two
environmental factors; the active aerosol production of the waterfalls and the higher
humidity of the riparian zone. We were able to show a significant difference in
particulate mass and relative humidity between the riparian and forest sites. Both high
relative humidity and high levels of aerosol particles have been shown to be a factor in
increased bacterial proliferation (Laakso et al 2007; Ewing et al 2012), however, and we
cannot distinguish between the two in this study.
Waves and white water rapids have been shown to aerosolize bacteria (Dueker et
al 2012a; Laakso et al 2007), and we predicted that the riparian sites would experience
higher levels of bacterial aerosols than forested sites. Similarly to Laakso et al. 2007, we
observed that the riparian sites near waterfalls harbored significantly higher aerosol
particle concentrations in comparison to the forest sites (Table 1, Figure 2). These results
gave us initial environmental parameters differentiating the riparian and forest
environments
We were then able to show that more colony forming units grew from riparian
leaves than forest leaves through our leaf print CFU and leaf spread CFU analyses.
Across our sampling days, forest leaf prints yielded a mean of 64.45±10.88 CFUs per
leaf, while to the riparian prints yielded a mean of 188.5±52.9 CFUs per leaf (P < 0.001).
The leaf spread analysis we conducted reflected this finding as well. Forest leaves yielded
109±66.4 CFUs per ml of wash, while around four times that many CFUs, 469.8±218.5
per ml of wash, were grown from riparian zone leaves (P < 0.001). In both assays, more
CFUs were grown from the riparian leaves than the forest leaves. This, coupled with our
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environmental data showing that the riparian zone has a higher relative humidity and
aerosol PM supports our hypothesis that the riparian zone does indeed have more bacteria
than the forest zone does.
We next used our Venn diagram to view all shared taxonomical levels (taxa overall,
n=1,117; Riparian, n= 943; Forest, n=776; Water, n=690) and assess how many OTUs
were found in and shared between the different biomes. We saw that the riparian leaves
contained the highest amount of unique OTUs, which complimented our previous
findings of the riparian zone having more bacteria, and supported the hypothesis that the
riparian leaf communities are different from the forest leaf communities. It was also
apparent that the water samples shared five times more OTUs with riparian leaves than
with forest leaves (Figure 5). This indicates that the riparian leaves have more bacteria
associated with the water than the leaves do. As we have already shown the riparian zone
has higher aerosol concentration levels than the forest zones, again, reflected in the
higher number of CFUs documented on riparian leaves. This additional finding riparian
leaves sharing many more OTUs than water, than forest leaves and water, provides
insight into the mechanisms of bacterial dispersal. The bacteria found on the riparian
leaves are originating from the water surface, and the forest is distinctly lacking the same
amount of shared OTUs with water.
To show the similarity between water and the riparian leaves further, we were
able to quantify the similarity between the surface water and riparian leaves through our
application of Jaccard’s and Sørensen’s similarity indices. In both indices, forest leaves
and riparian leaves were indicated to share the greatest similarity (FvR: SJ, 0.51; SS,
0.67), which was to be expected. However, the significant increase in similarity between
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water surfaces and riparian leaves (RvW: SJ, 0.29; SS, 0.45) not observed between water
surface and forest leaf (WvF: SJ, 0.11; SS, 0.20) provides further indication that the
microbial community of the riparian leaves is different from that of the forest leaves, and
that this difference seems to be influenced by the proximity to the waterway (Table 3).
Upon analysis of phylum levels between water surfaces, the riparian and forest
leaves, we documented high numbers of the phyla Proteobacteria, Bacteroidetes,
Actinobacteria, and Firmicutes, similar to previous studies (Finkel et al. 2016, Knief et
al. 2011) (Figure 6). These are four of the five dominant phyla (excluding ‘Unassigned’)
we found from our riparian leaf, forest leaf, and water surface samples (Figure 6).
Bacteroidetes is shared between riparian and water at similar levels of abundance (13.7%
and 11.2%, respectively), while the forest leaves only contained 3.6% abundance. The
previously explained differences in bacterial content between the two leaf types (forest
and riparian) and the similarities between the riparian leaves and surface water bacterial
communities further suggest a mechanism of exchange between riparian leaves and water
surfaces that the forest leaves are not receiving.
While riparian and forest bacteria communities were both originally from leaves,
riparian leaves and surface water share almost half as many OTUs as riparian leaves and
forest leaves do (Figure 5), which was surprising. Of the shared OTUs between the
riparian leaves and water surface samples, there were a few that have been documented to
associated with the marine environment (Cytophaga sp., Desulfobacter sp., Shewanella
sp.). Cytophaga is a genus which incudes fish pathogens, (Garnjobst 1945) and has been
isolated from sea grass beds numerous times (Kurilenko, Ivanova, and Mikailov 2006;
Moriarty et al 1984). Additionally, Desulfobacter and Shewanella have been isolated
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from marine and brackish sediments floodplains (Achá et al 2006; Haq et al. 1997;
Ivanova et al. 2003). While the concentrations of these specific OTUs were too low to
track over the course of the sampling time, their identification on the riparian leaves and
the water suggest that there is a mechanism behind the dispersal of bacteria that is not
being shared with the farther forest environment. The specific environmental factor that
the forest leaves do not share with the riparian leaves is proximity to water. None of these
OTUs were found in any of the forest leaf samples. The absence of known marine
organisms indicates that there is an exchange of bacteria between the surface water and
the surface of the riparian leaves, which the forest leaves are not receiving. Waterfalls are
located at both riparian sites, and waterfalls are known sources of aerosols, due to the
popping of water bubbles, which disperse particles into the air, and we have shown the
riparian sites to both have high aerosol mass concentrations (Figure 2).
We observed that both riparian leaf spreads closely track rainfall, rising in CFUs a
day or two after a rise in rainfall (Figure 4). The riparian sites also had a significantly
different mean relative humidity than the forest sites (P<0.03) (Table 2), which could be
due to the high aerosol concentrations at the riparian sites. When it rains, the height of the
water in a stream will increase, which in turn has the potential to cause more splashing
and bubbling, which could result in more aerosolized particles. Rain can cause changes to
happen within the environment, e.g. an increase of aerosolized particles from the
waterway or a spike in relative humidity, and each of them has a potential to be acting on
bacterial populations. We also observed higher abundances of bacteria near the riparian
sites, which could be due to the high moisture content of the riparian. Our results are
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leaning towards evidence of water surfaces as a source, it is important to not separate the
heightened RH in the riparian zone from influencing the proliferation of bacteria.
The culture dependent results provide support for rain as a means for bacteria to
increase in the riparian environments, as Young et al. concluded in 2013, Constantinidou
et al. in 1990, and Lindemann et al. in 1982. We were able to view this through a delayed
increase in CFUs after an event of rain in both leaf prints and leaf water spreads (Figure
3; Figure 4). We were also able to view a rise in abundance specific genera closely
associated with inhabiting leaf surfaces after rain in both riparian leaves, and less so in
forest leaves (Figure 8). These observations provide insight into rain as a potential
mechanism for aerosol increase, as species of bacteria raised in the riparian zone after
rainfall, which might indicate the increase in water level of the creek and increase in
aerosol particles in the air. However, we also consider that this increase in OTUs could
be due to the high relative humidity from the increased activity in the waterway, resulting
in bacteria proliferation.
Conclusion
Our results do confirm that there is higher bacterial colonization on riparian zone
leaves compared to forest leaves, and suggest a trend of bacterial colonization dependent
on site, as bacterial colonization from the leaf print plates increased in riparian sites in
comparison to the forest sites (Figure 4), and this increase was mirrored in water spreads
from the riparian leaves (Figure 3). There were higher levels of aerosols detected near
both riparian sites (Figure 2), and we also observed five times more OTUs shared
between water and riparian leaves, than was shared between water and forest (Figure 5),
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and distinct differences in percent abundance of phyla, like Bacteriodetes, between the
three biomes (Figure 6). Our similarity indices supported these findings by indicating that
the riparian leaves are significantly more similar to water, than the forest leaves are to
water. We were able to observe spikes in abundance of a few different species of bacteria
from riparian leaves after rainfall, which are not reflected in the forest leaves to the same
degree (Figure 7).
These results all indicate that the riparian sites do have higher concentrations of
aerosol particles in the air, and a higher relative humidity than the forest zone. We also
found indication that bacteria we found on leaves in the riparian zone originated from the
water, as there are more OTUs shared between the water and riparian sites than between
the forest and water. Because we found OTUs shared between the water surfaces and
riparian leaves explicitly not shared with the forest leaves, and we have evidence that the
riparian zones have higher aerosol particles in the air, this gives suggestion towards a
water surface source of the heightened bacteria proliferation riparian zones have when
compared to forest zones away from an aerosol source. We are unable to make a
conclusion about which mechanism is a greater factor in the higher abundance of bacteria
at the riparian sites. However, we are able to use past studies to explore our results and
predict future studies focused on those particular factors is operating bacterial
proliferation at the riparian sites.
Future directions
There are many next steps we imagine that this study could take. It would be
interesting to focus more specifically on rain as a mechanism for increasing aerosol
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production around the riparian zones. Employing both a riparian site with constant
aerosolization, like a waterfall, and a riparian zone with a still waterway would give more
insight into how rain and an increase of water in the waterway or relative humidity
affects a riparian area without constant aerosolization.
Additionally, it would be interesting to create a study to include having trees be
sampled on a trajectory away from the waterway. This addition could give insight into
whether or not there is a concentration gradient of relative humidity or aerosol particles
affecting the colonization of leaf bacteria, how that gradient and the resulting bacterial
communities might change in the event of rain.
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FIGURES AND TABLES

Figure 1: Sampling locations, and specific trees, depicted by clustered dots.
Waterfalls and sewage effluent labeled and indicated by arrows (image © Google
Maps).
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Table 1: Environmental context of each sampling date. Data for turbidity was not
recorded on the final sampling day (7/22/15).
Mean Rel.
Humidity %

Date

Mean Air
temp ºC

Mean Water
temp ºC

Turbidity

Rainfall in
past 24hr
(in.)

6/22/15

67.2

30

19.5

5.7

0.1

6/24/15

59.2

30.5

19.5

2.5

0.1

6/29/15

71.5

24.4

18.1

4.8

0.4

7/1/15

67.2

27.7

17.1

24.2

1.1

7/6/15

72.2

29.4

18.7

2.3

0

7/8/15

77.2

29.4

19.4

3.1

0.2

7/13/15

71.7

31.1

20.4

1.9

0

7/15/15

70.2

27.2

20.5

2.1

0

7/20/15

65.5

33.8

21.2

2.3

0.4

7/22/15

57

28.8

21.5

-

0

Table 2: Mean RH and air temperature for the two zones studied.
Sites

!

Mean % Humidity

SD

SE

Riparian

70.2

0.9

0.6

Forest

65.3

3.6

2.5
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Figure 2: Depiction of aerosol levels at each site. The y-axis is the measurement of
aerosols captured by the Aerocet 531S, and the x-axis shows the PM range, or the
size of the particle.
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Figure 3: Average number of colonies grown on LB/AmB agar plates from leaf
prints, overlaid with average rainfall. Y-axis is referring to the amount of individual
colonies counted over four days of growth, and the X-axis is the span of sampling
days.
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Figure 4: Average growth from pooled leaf spreads, overlaid with average
rainfall. The Y-axis is referring to the amount of individual colonies counted
over four days of growth, and the X-axis is the span of sampling days.
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Figure 5: Venn diagram depicting all shared taxonomical levels between biomes
(overall OTUs n=1,117; Riparian, n= 943; Forest, n=776; Water, n=690).

Table 3: Jaccard’s (SJ) and Sørensen’s (SS) similarity indices (FvR, comparing forest
leaves and riparian leaves; RvW comparing riparian leaves to water surface; WvF,
comparing water surface to forest leaves).
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Index

FvR

RvW

WvF

SJ

0.51

0.29

0.11

SS

0.67

0.45

0.20
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100%
Other
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Acidobacteria

80%
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60%

Cyanobacteria

50%

Unassigned
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Bacteroidetes
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Actinobacteria

20%

Proteobacteria

10%
0%
Riparian

Water

Forest

Figure 6: Bar graph depicting community composition by phyla within the riparian,
forest, and water biomes studied. The Y-axis shows the stacked percentage
abundance each phylum takes up per biome.
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Figure 7: Abundance levels of six phyla in top 95% core OTUs detected in riparian
(A) and forest (B) leaves, overlaid with average rainfall in the past 24 hours at the
time of sampling, starting on the fourth sampling day when there was the most
rainfall. The primary Y-axis shows the percent abundance of each phylum, and the
secondary Y-axis is amount of rainfall in inches. The x-axis shows what day each
percent-abundance was taken on.
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APPENDIX

Figure A1: Unweighted UniFrac principal component analysis (PCA) graph of
overall diversity, performed to assess similarities in microbial community diversity
across samples, between biomes (forest, green; riparian, blue; water, orange). Axes
each count for the respected percentage of variability within the data.

Table A1: Table depicting relative abundances of core six phyla, less abundant
phyla grouped into “other”, and unassigned taxa across water, riparian, and forest
biomes (data for Figure 6).
OTU ID

!

Riparian

Water

Forest

Proteobacteria

0.597833329

0.675162058

0.781893298

Actinobacteria

0.065677942

0.152621646

0.017580892

Bacteroidetes

0.137486954

0.112496923

0.036312291

Unassigned

0.107663454

0.024435874

0.082508486

Cyanobacteria

0.055337536

0.013161566

0.054725162

Firmicutes

0.019232769

0.005399196

0.016606289

Acidobacteria

0.009161946

0.000640026

0.006665336

Other

0.007606071

0.016082711

0.003708247
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Table A2: Table depicting relative abundances of six genera in top 5% abundant
OTUs (data for Figure 7).
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