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Originality-Significance Statement: 

 This is the first study examining both temporal and spatial dynamics in microbial 

community composition across a large-scale temperate stream network.  This work provides new 

insight into temporal dynamics in microbial biogeography in stream networks. 

 

Summary: 

 The water column of streams host a unique microbial community that is distinct from the 

microbial communities of the stream benthos and surrounding soil. This community is shaped by 

complex interacting forces, including microbial dispersal from surrounding environments and in-

stream selection. However, how the processes structuring stream communities change over space 

and time remains poorly understood.  In this study, we characterize spatial and temporal trends in 

microbial community composition throughout a stream network spanning first through fifth 

order streams. We found that the microbial communities of headwater streams are 

compositionally diverse, with low representation of freshwater microbial taxa and high 

representation of soil and sediment-associated taxa. In three out of five seasonal samplings, a 

successional pattern was identified in which phylotype richness and compositional heterogeneity 

decreased while the proportion of known freshwater taxa increased with increasing cumulative 

upstream dendritic distance. However, in two samplings, streams instead exhibited uniformly 

high microbial diversity across the watershed, and the fraction of freshwater taxa showed no 

relationship with dendritic distance. Overall, our data suggest that the successional processes that 

drive microbial diversity in streams are highly dynamic and can be disrupted at landscape scales, 

potentially in response to variation in temperature and precipitation. 
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Introduction: 

 Lotic systems represent a unique biome that is critically important to life on a global 

scale. Streams and rivers act as sources of drinking water, irrigation reservoirs for agriculture, 

commercial fishery habitats, transportation routes, and manufacturing process resources, among 

many other uses. Streams and rivers also act as key transport pathways and processing sites for 

carbon (Meybeck, 1993; Cole et al., 2007; Raymond et al., 2013), nutrients (Nixon et al., 1996), 

and organisms (Vannote et al., 1980). As microorganisms serve as the processing and conversion 

base for the majority of nutrients (Findlay, 2010; Madsen, 2011), it is imperative to understand 

microbial community composition and assembly within pelagic stream environments.  

Recent studies have addressed bacterial community diversity within the water columns of 

large rivers (Ruiz-González et al., 2013; Jackson et al., 2014; Kolmakova et al., 2014; de 

Oliveira and Margis, 2015; Savio et al., 2015; Staley et al., 2015), within stream networks (Read 

et al., 2015; Ruiz-González et al., 2015; Niño-García et al., 2016b; Ruiz-González et al., 2017), 

and among the benthic biofilms of streams (Besemer et al., 2005; Lear et al., 2013; Wilhelm et 

al., 2013; Heino et al., 2014). While some studies have found taxonomic shifts closely related to 

seasonality and physicochemical parameters (Hu et al., 2014; Staley et al., 2015), many have 

found overall patterns of decreasing diversity along the flow path of the river (Read et al., 2015; 

Savio et al., 2015) or within a watershed (Crump et al., 2007; Crump et al., 2012; Ruiz-González 

et al., 2015). These observations have given rise to a model that emphasizes the role of 

hydrological connectivity and mass effects in shaping the interplay of dispersal and species 

sorting as major determinants of stream microbial community structure (Crump et al., 2007; 

Crump et al., 2012; Read et al., 2015; Ruiz-González et al., 2015; Savio et al., 2015; Niño-García 
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et al., 2016b).  In this model, hydrological connectivity between stream headwaters and the 

surrounding terrestrial environment results in a highly diverse microbial community primarily 

shaped by dispersal from the soil/water interface.  As water moves downstream, the relative 

importance of within-stream species sorting increases as the relative contribution of new surface 

and groundwater inputs (with accompanying dispersal of terrestrial microbes) decreases.  

While these studies indicate that species sorting can play a key role in shaping stream and 

river communities under certain conditions, less is understood about which groups are selected 

for and how stable the resulting communities are over time.  Studies of streams and rivers have 

typically found numerically abundant microbial populations related to bacterial taxa typically 

found in lakes and other freshwater environments (Zwart et al., 2002; Lindström et al., 2005; 

Newton et al., 2011). The freshwater Actinobacteria lineage acI, Betaproteobacteria lineage 

betII, and the Alphaproteobacteria lineage alfV appear to be consistently dominant groups of 

bacteria in lotic environments (Ghai et al., 2011; Read et al., 2015; Savio et al., 2015). These 

bacteria have been identified as particularly abundant in downstream environments (Savio et al 

2015), suggesting that freshwater-adapted microbes have a selective advantage during in-stream 

microbial community assembly. However, published studies have generally been limited to 

either studies of temporal dynamics in one or a few sites or analysis of biogeographical patterns 

within a single 'snapshot' sampling of a broader watershed.  A recent study in which 10 streams 

and rivers were sampled across two seasons found similar trends of decreasing bacterial richness 

and selective enrichment of Betaproteobacteria, Actinobacteria, and Cyanobacteria with 

increasing distance from headwaters (Ruiz-González et al., 2017).  However, a study of the 

Kalamas river in Greece (Meziti et al., 2016) found extensive temporal variation in community 

composition and in the relative abundance of bacteria from different source environments, 
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suggesting that the community assembly process may be sensitive to temporal variation in 

hydrologic regime, water physicochemical conditions, and/or the composition of source 

communities.  

In this work, we report the results of five wastershed-scale surveys of stream microbial 

community structure across the Upper Oconee watershed in Northeast Georgia. This study spans 

a riverine network from headwaters to fifth-order rivers, capturing a wide spatial area, diverse 

land use characteristics, and a broad range of cumulative catchment sizes. We used this data to 

evaluate temporal dynamics in community assembly and composition at different positions 

within a stream network.  In addition, we examined the extent to which land use and human 

impacts altered stream microbial community assembly and composition.  Given previous work, 

we anticipated that we would observe decreasing alpha and beta diversity with increasing stream 

size and distance traveled.  In addition, we anticipated enrichment of 'typical' freshwater bacterial 

taxa with increasing downstream distance traveled.  However, relatively little data existed to 

predict the extent to which these broad spatial community composition patterns would be 

replicated over space and time, and whether the resultant downstream communities would 

comprise similar or distinct species assemblages.     

   

Results: 

 Water was sampled from streams and rivers throughout the Upper Oconee Watershed 

near Athens, GA (Fig. 1, Fig. S1). A total of 211 samples were collected across five seasonal 

samplings (74 samples in Spring 2013, 15 samples in Summer 2013, 28 samples in Fall 2013, 20 

samples in Winter 2014, and 74 samples in Spring 2014, see Table S1 for more details). 

Calculated cumulative dendritic distance upstream of sampling sites ranged from 0.09 to 3779 
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km
 
for the complete dataset, with the maximum range for any individual season of 0.09 - 

3778.59 km
 
(Spring 2013) and a minimum range of 0.24 - 2119.36 km

 
(Spring 2014). 

Concentrations of total dissolved nitrogen (TDN) and phosphorus (TDP) did not significantly 

differ across seasons (Tukey HSD, p-vals ≥ 0.07) (Fig. S2A and C). However, there was sample-

to-sample variance in TDN and TDP when select sites were compared across seasons (Fig. S2B 

and D). Smaller streams exhibited more variation in nutrient concentrations over time.  

For community analysis, particles collected within the 0.22 µm-5µm size fraction from 

water samples were used in DNA extraction, 16S rRNA gene amplification, and sequencing.  A 

total of 15 651 160 sequences passed quality checks and were binned into 350 333 OTUs at 97% 

identity (details in Table S2).  The most abundant bacterial phyla present within these samples 

were Actinobacteria, Bacteriodetes, Proteobacteria (specifically class Betaproteobacteria), and 

Verrucomicrobia (Fig. 2).  However, substantial spatial and temporal variation in microbial 

community composition was also apparent, particularly among Actinobacteria (varied from 0.2% 

- 49% of sequences) and Betaproteobacteria (8% - 74% of sequences). 

Landscape-scale drivers of stream microbial community structure. Principal components 

analysis (PCA) was used to assess relationships between microbial community structure and 

environmental data, including physicochemical data, land use, and position within the stream 

network (Figure S3, Table S3).  Independent PCAs were conducted for each sampling, in order 

to check whether different drivers were responsible for observed patterns in each sampling.  The 

environmental parameters that showed the strongest relationships with microbial community data 

were those associated with stream size and position within the watershed network.  Log-

transformed cumulative dendritic distance and stream order were both strongly correlated (p-

value <0.01) with the first two principal components for three out of the five datasets. The 
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proportion of the watershed covered by water (winter and both springs) and woody wetlands (fall 

and both springs) were also correlated with the first two principal components in three seasons.  

However, it should be noted that these factors are correlated with dendritic distance and similar 

positional metrics.  Conductivity, turbidity, and several additional land use categories were also 

correlated with the first two principal components in a few seasons, but these relationships were 

generally weak and/or difficult to separate from the effects of geographic position (Table S3).  

Similar relationships were observed through ordination with non-metric multidimensional 

scaling.   

Spatial trends in microbial diversity and community structure. We examined the relationship 

between microbial diversity and community composition and position within the stream network 

in more detail.  As multiple measures (catchment area, stream order, dendritic distance) are 

highly correlated, we have selected a single metric, cumulative upstream dendritic distance, to 

present in the subsequent figures/analyses.  In the spring 2013, fall 2013, and spring 2014 

surveys, alpha diversity decreased with increasing cumulative dendritic distance (Fig. 3B).  This 

was accompanied by a trend in which both beta diversity within stream size categories (Fig. 3A) 

and beta diversity over time (comparing two spring samplings of the same site; Fig. S4) also 

decreased with increasing dendritic distance. The remaining two surveys (summer 2013 and 

winter 2014) showed consistently high alpha and beta diversity across the entire watershed. 

These differences across seasons in microbial biodiversity and species distributions do not 

appear to be a function of the particular sites observed, as the set of streams sampled on these 

dates did exhibit dendritic distance-dependent trends in biodiversity in Spring 2013 and Spring 

2014 (Fig. S5).   Insufficient overlap in samples precludes analysis of whether these relationships 

are also present within Fall 2013 data.   
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We used the “seqenv” pipeline (Sinclair et al., 2016) to examine habitat associations and 

putative source environments for individual microbial OTUs.  The three datasets exhibiting the 

abovementioned trends in microbial diversity (spring 2013, fall 2013, and spring 2014) also 

showed trends in the relative abundance of OTUs identified as originating from freshwater 

environments, while the relative abundances of taxa identified as soil- or sediment-associated 

decreased with increasing dendritic distance (Fig. 3C-E).  The summer 2013 and winter 2014 

datasets did not exhibit these trends.  

In order to examine longitudinal trends in the abundance of freshwater-associated 

bacteria in more detail, we assessed the overall abundances of key freshwater lineages identified 

by Newton et al (Newton et al., 2011). Actinobacteria lineages (acI, acIII, and Luna1), 

Betaproteobacteria lineages (betI, betII, and betIV), and Bacteroidetes lineages (bacI, bacII, and 

bacIII) were found in high abundance across the study area (Fig. 4).  Relative proportions of 

these lineages within first order streams remained similar across all seasons (mean 30.3%).  

However, fourth order streams and above contained a significantly (Tukey HSD test, p-val 

≤0.02) higher proportion (mean 74.5%) of abundant freshwater lineages in samplings with 

significant diversity trends (spring 2013, fall 2013, and spring 2014) than in samplings with no 

observed trends (summer 2013 and winter 2014; mean 21.4%).  

These trends were further apparent as changes in phylum level abundance and diversity 

for streams across the catchment gradient. At the phylum level, Actinobacteria and Bacteroidetes 

increased in abundance with increasing dendritic distance, while other major bacterial phyla did 

not increase (Fig. S6).  Betaproteobacteria and Verrucomicrobia were relatively neutral in their 

distributions across streams at the phylum level, and Gammaproteobacteria and 
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Alphaproteobacteria decreased significantly in overall abundance with increasing dendritic 

distance (Fig. S6).  

Spatial and temporal trends in the abundances of individual OTUs. Decreases in alpha and 

beta diversity observed in spring 2013, fall 2013, and spring 2014 were accompanied by an 

increase in the relative abundance of 216 “core community OTU's”, defined as sequences that 

were present in ≥ 90% of all samples (Fig. 5A).  This suggests that the microbes that are most 

widely distributed over both space and time tend to be present at lower abundances in headwater 

samples and remain at relatively low abundance across all samples in seasons not exhibiting 

strong longitudinal trends in overall diversity.  However, these taxa were enriched in 

downstream samples in seasons exhibiting strong longitudinal trends in microbial diversity.  In 

order to examine this pattern further, relationships between individual OTU abundance and 

cumulative dendritic distance were assessed. 

For each seasonal dataset, Spearman’s rho were calculated for the proportional counts of 

the 250 most abundant OTU's (of which 117 were ‘core’ OTUs as defined above) against log-

normalized cumulative dendritic distances (Fig. 5B). For seasons with previously identified 

diversity trends, the majority of these OTUs displayed significant (p-val < 0.05) positive or 

negative associations with log dendritic distance, with 189 out of 250 showing significant 

associations in Spring 2013 (93 positive and 96 negative), 142 (68 pos. and 74 neg.) in Fall 2013, 

and 178 (95 pos. and 83 neg.) in Spring 2014. In contrast, seasons with no identified trends in 

overall microbial diversity or community composition showed substantially fewer OTUs with 

significant correlations, with 6 (4 pos. and 2 neg.) and 45 (39 pos. and 6 neg.) showing 

significant associations with log cumulative dendritic distance in Summer 2013 and Winter 

2014, respectively.  
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Many of the OTUs positively correlated with increasing cumulative dendritic distance 

(Spearman ρ ≥ 0.4, p-value < 0.05) originated from freshwater lineages (Fig. 5b, 6). This pattern 

was only observed within seasons where correlation trends were significant for diversity and 

presence of core freshwater OTUs compared to increasing cumulative dendritic distance (Fig. 

S7). The most abundant positively correlated OTUs within these seasons were consistently 

dominated by six freshwater lineages (acI, Luna1, bacI, bacIII, betI, and betII; Figure 6, S7). 

Neutrally distributed OTUs were more mixed in their composition (Betaproteobacteria being 

most dominant; Figure S8) and negatively correlated OTUs were comprised mainly of non-

freshwater Betaproteobacteria and Gammaproteobacteria taxa (Figure S9).  

The specific OTUs that were positively correlated with increasing dendritic distance 

varied over time (Figure 6, Figure S7).  However, in line with the above observation of a “core” 

community that was consistently selected for during transit through aquatic networks, 106 OTUs 

were found to be positively correlated with dendritic distance in all 3 seasons, 80 of which were 

annotated as freshwater-associated via the seqenv program.  Many of these OTUs and lineages 

were additionally found to be among the most abundant taxa within the remaining two datasets, 

although their abundances were no longer positively correlated with cumulative dendritic 

distance (Fig. 6, S7-S9) 

Landscape-scale disruption of stream microbial community assembly. As noted above, the 

summer 2013 and winter 2014 surveys did not exhibit strong longitudinal trends in species 

richness and community composition. In these surveys, individual freshwater lineages and taxa 

that were found positively correlated in the other samplings remained among the most abundant 

taxa detected, but their abundance was lower than observed in other seasons and no longer 

correlated with dendritic distance (Fig. S7-S9). The relative abundance of freshwater taxa was 
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highly variable across streams within these datasets, which may result from either variation in 

initial species pools for individual streams or from variation in the degree to which community 

assembly processes were disrupted at different locations. The winter 2014 dataset showed a 

significantly higher relative abundance of cryophilic OTUs (p-value < 0.001 for paired Wilcoxon 

rank sum tests vs. each other season), although their relative abundance was not significantly 

correlated with positional variables.   

 

Discussion: 

In this study, we examined microbial community composition across an entire watershed 

on five dates over the course of a year. For three out of five watershed surveys (spring 2013, fall 

2013, and spring 2014), distance travelled within the watershed (and by extension, water 

residence time) was a strong determinant of microbial community composition.  In these 

seasons, the watershed exhibited trends in which both alpha and beta diversity decreased with 

decreasing dendritic distance (Fig. 3A-B).  This data that is consistent with current models of in-

stream microbial community assembly as resulting from a longitudinal gradient in the relative 

importance of mass effects vs. species sorting determined by the hydrological properties of 

streams.  These results are further emphasized by the presence of negative longitudinal trends in 

the relative abundance of soil- and sediment-associated microbes, and positive trends in the 

relative abundance of freshwater-associated microbes, both of which are consistent with a 

decreasing role for transport from surrounding environments and increasing importance of in-

stream selection in structuring in-stream community structure.     

However, these longitudinal trends in microbial diversity and community composition 

were disrupted for two out of our five surveys (summer 2013 and winter 2014), suggesting that 
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other, landscape-scale processes may be impacting stream microbial community assembly. In 

both cases, microbial diversity remained high across the watershed, while the relative 

abundances of freshwater-, soil- and sediment-associated taxa were highly variable across the 

watershed and were no longer found to be correlated with positional metrics (Fig. 3).  Similar 

temporal variation in the proportion of microbes associated with different source environments 

was recently reported in a study of the Kalamas river in Greece (Meziti et al., 2016) which found 

substantial temporal dynamics in the taxonomic composition of the community and the fraction 

of shared OTUs across river sites.  We hypothesize that these watershed-scale disruptions in 

diversity trends may be linked to variation in temperature and rainfall.  The summer sampling 

date was associated with high precipitation and stream flow (Fig. S10), which may have caused 

increased runoff of soil bacterial species and/or re-suspension of sediment, visible in the 

increased abundance of soil- and sediment-associated bacteria in larger streams and rivers in 

these samples (Figure 3). Given the number of urban and semi-urban streams sampled, the Upper 

Oconee watershed may be particularly at risk for hydrological disturbance following 

precipitation events (Walsh et al., 2005).  The winter 2014 sampling date was not associated with 

high precipitation but was associated with unusually low temperatures.  These low temperatures 

could impact species sorting by changing the identities of species being selected for (which is 

supported by the relatively higher abundance of psychrophilic microbes in the water sampling).  

Additionally, the relative contribution of species sorting to stream microbial community 

assembly would be diminished if temperature-related decreases in microbial growth rates caused 

in-stream rates of selection to fall below the “replacement rate” of microbial dispersal from soils 

and sediments. While relatively few studies have captured temporal dynamics in microbial 

community composition across multiple positions within a stream network, both rainfall and 
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water temperature have previously been found to impact microbial community composition in 

the Upper Mississippi River (Staley et al., 2015), and temperature has previously been shown to 

impact both bacterial community composition (Adams et al., 2010) and growth rates (White et 

al., 1991) in freshwater environments.   

Interestingly, while we did not detect significant relationships between watershed 

position and microbial alpha or beta diversity in summer 2013 or winter 2014 (Fig. 3), both 

seasons showed evidence of relationships between hydrological drivers and overall community 

composition as summarized by principal components analysis.  Both watershed area and 

cumulative dendritic distance showed significant relationships with principal components plots 

in summer 2013, and the fraction of land within the watershed that is covered in water was 

identified as significantly correlated with the principal components plot for winter 2014.  This 

suggests that network structure and hydrological characteristics such as the presence of lakes and 

ponds within the watershed may still be influencing microbial community composition in these 

seasons, but that other environmental drivers of microbial community composition are masking 

the effects of these variables.  Water conductivity and turbidity were identified as significantly 

correlated with community composition in winter 2014, which may suggest a larger role for 

water chemistry in influencing the microbial community in this season. 

Land use and water chemistry were not found to be consistent drivers of microbial 

community composition in the Upper Oconee watershed (Fig. S3, Table S3). However, this does 

not rule out a role for these variables in shaping microbial community composition on smaller 

temporal and spatial scales. In a time-course study of the Upper Mississippi River in Minnesota, 

Staley et al (2015) found that the direction and significance of observed relationships between 

individual environmental parameters (including rainfall, temperature, pH, and nutrient 
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concentrations) and microbial phyla varied from year to year. If the impact of environmental 

parameters on microbial community composition is highly dependent on local biological or 

historical contexts, this may explain in part why these variables were not found to be significant 

drivers of microbial community composition at watershed scales.  

At the phylum level, the microbial community composition of the Upper Oconee 

watershed was dominated by Betaproteobacteria, Bacteroidetes, and Actinobacteria, particularly 

in downstream reaches (Fig. 2).  This is largely consistent with observations of other streams, 

rivers, and lakes (Newton et al., 2011; Crump et al., 2012; Savio et al., 2015; Niño-García et al., 

2016b), although the overall relative abundance of Alphaproteobacteria was substantially lower 

than observed in many other watersheds (Ghai et al., 2011; Read et al., 2015; Savio et al., 2015). 

The relative abundances of Actinobacteria and Bacteriodetes were positively correlated with 

cumulative dendritic distance in seasons with significant diversity trends, while 

Gammaproteobacteria and Alphaproteobacteria decreased in abundance. This observation 

contrasts with studies of larger watershed and rivers, in which Bacteroidetes were typically 

found to decline along the length of the watershed while Actinobacteria increased in abundance 

(de Oliveira and Margis, 2015; Read et al., 2015; Savio et al., 2015).  

In surveys that exhibited strong diversity gradients, these diversity trends (as well as 

trends in phylum-level community composition) were accompanied by a consistent downstream 

enrichment of specific freshwater-associated lineages.  At both family and 97% OTU-level 

taxonomic resolution, a similar population structure and set of OTUs increased in abundance 

with downstream distance traveled during the Spring 2013, Fall 2013, and Spring 2014 

samplings (Fig. 4, 6, S7).  This suggests that in-stream species sorting is selecting for a specific 

community, with a similar set of taxa being consistently enriched along the length of streams 
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across a wide range of spatial and temporal scales, as well as diverse physiochemical and land 

use characteristics. Even within seasons that lacked positional trends in microbial community 

composition and diversity, specific freshwater lineages (acI, Luna1, bacI, betI, and betII) were 

still among the most abundant taxa of organisms present within these samplings. These 

observations align with previous hypotheses of a ‘core’ bacterial community for a specified 

riverine system with proportions that fluctuate according to system perturbations (Staley et al., 

2013).  These results contrast somewhat with a large-scale analysis of boreal lakes and rivers, 

which found that lakes and larger rivers were dominated by a set of 'core' taxa whose distribution 

was strongly coupled to water chemistry (Niño-García et al., 2016a), but the more limited range 

of water conditions considered in this study may have precluded identification of niche 

specificity at this level. 

 Our results suggest that microbial communities from stream headwaters are highly 

diverse and variable, and that downstream movement is associated with the enrichment of a 

distinct core community comprising specific freshwater-associated bacterial lineages. However, 

this successional pattern appears to be susceptible to environmental disruption, with positive and 

negative longitudinal trends in diversity and community composition trends absent for two out of 

five watershed-level surveys (summer 2013 and winter 2014). This large-scale temporal 

variability in stream microbial community structure could have important implications for 

nutrient cycling and ecosystem function.  Through continued study it may be possible to further 

untangle the interface between environmental variability, community structure change, and 

cycling of nutrients by microorganisms within the water column. 
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Methods: 

Sample Collection. Lab members and community volunteers performed sampling of stream sites 

in collaboration with the Upper Oconee Watershed Network (UOWN http://www.uown.org/). 

UOWN is a non-profit organization of community volunteers and volunteer professionals from 

the Athens, GA regional area that is dedicated to promoting citizen awareness of local 

watersheds through education and watershed monitoring.  Prior to sampling, lab members gave 

volunteers instruction on proper sampling procedure. Topics highlighted included the collection 

of samples at mid-stream and mid-depth, avoiding collection of river bottom sediment, and 

rinsing containers three times with sample water prior to sample collection.  All volunteers were 

given labeled 4 L nucleotide-free, acid-washed cubitainers and a sample collection packet 

containing gloves, pencil, maps, and information sheets for each assigned sampling site.  

Volunteer groups were typically assigned 2-4 stream sites for collection.  The information sheet 

contained sections to record the sample site name, sample collection time, volunteer names, 

volunteer e-mail addresses, whether or not any of the volunteers smoked, and a notes section for 

additional records. The information sheet also restated detailed instructions of proper sampling 

protocol. The collection packets contained printed driving directions to each of the sampling sites 

and GPS coordinates of sampling sites for use in mobile GPS navigation applications. Following 

collection, samples were returned to lab members for processing within a maximum of 5 hrs 

following collection.  A total of 211 samples were collected across five seasonal samplings (74 

samples in Spring 2013, 15 samples in Summer 2013, 28 samples in Fall 2013, 20 samples in 

Winter 2014, and 74 samples in Spring 2014, see Table S1 for more details). 

To obtain the microbial cell fractions from the water column, samples were filtered using 

a Masterflex peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA) with LS-15 platinum-cured 
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silicone tubing (Cole-Parmer). Because of extreme variation in sample turbidity, water was 

pumped through a 5.0 μm, 47 mm diameter Durapore pre-filter (Millipore, Billerica, MA, USA), 

and a 0.22 μm Sterivex filter (Millipore) for a constant time of approximately 10 minutes at 80 

RPM (330-2560 ml filtrate volume range, mean 1168.73 ml).  Individual filtrate volumes for all 

samples are reported in Table S1.  Between samples, all tubing lines were washed with ~ 150 ml 

of 50% ethanol followed by ~ 500 ml of ddH2O to ensure removal of cells, debris, and chemical 

compounds. Filtrate was collected from each sample after ~ 250 ml of flow-through in 60 ml 

acid-washed HDPE bottles for measurement of TDN and TDP. Filtrate volume from each sample 

was measured. Filters were stored dry at -80°C. Nutrient bottles were stored at -20°C until date 

of analysis. 

 

Nutrient measurements. Nutrient analysis (TDN, TDP) from frozen nutrient samples was 

completed by the Joye lab at the University of Georgia. Total dissolved nitrogen and phosphorus 

were measured using a Shimadzu TOC-Vcph (Shimadzu, Kyoto, Japan) in combination with a 

Shimadzu TNM-1 total nitrogen unit. The TDP standard was potassium hydrogen phthalate and 

the TDN standard was glycine.   

In parallel with initial collection efforts, water samples were collected in separate Whirl-

Pak bags for chemical and biological analysis by UOWN. This data was obtained from the 

UOWN website (http://uown.org/data.html) and included measurements of conductivity, 

turbidity, and pH from all sites and NO3 measurements from selected sites. This data has been 

included in Table S2 with permission from UOWN. 
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DNA Extraction, Amplicon Library Preparation, and Sequencing.  DNA was extracted from 

each Sterivex filter using a combination of custom protocol and DNA extraction kit. Filters were 

thawed at room temperature for approximately 20 min before processing. After thawing, 1.6 ml 

of filter sterile lysis buffer (40 mM EDTA, 50 mM Tris, 0.73 M sucrose in ddH2O) plus 4 mg of 

lysozyme was added to each column and incubated at 37°C for 30 min while rotating. After 

incubation, 100 μl of lysis buffer + proteinase K (1.5 mg) and 200 μl of 10% SDS were added 

and the sample was incubated at 55°C for 2 hrs while rotating. Following the second incubation, 

the sample was vortexed vigorously at maximum speed for 30 sec to completely release DNA. 

Lysate from the sample was then transferred to a 5 ml Eppendorf tube using a sterile 3 ml 

syringe. An equal volume of phenol:chloroform:IAA (25:24:1; pH 8.0) was added to the lysate 

and mixed. The sample was centrifuged for 5 min at 3500xG to separate aqueous lysate and 

phenol phases. The upper aqueous phase was then transferred to a new 5 ml tube, and 1/25 

sample volumes of 5M NaCl and 0.7 volumes of 99.9% isopropanol were added. This sample 

was mixed, incubated for 10 min at room temperature, and centrifuged for 15 min at 17,000xG. 

Supernatant was discarded and sample DNA pellet was resuspended in 400 μl of kit elution 

buffer (Omega BioTek, Norcross, GA, USA). Omega BioTek E.Z.N.A. Water DNA Kit (Omega 

Biotek, May 2013 version) was used to process the resuspended DNA extract starting from kit 

protocol step #13 onward. Samples were eluted in 50 µl of elution buffer.  DNA concentrations 

and A260/280 from complete extractions was quantified using NanoDrop Lite spectrophotomer 

(Thermo Fisher, Waltham, MA, USA).   

Sample extractions were aliquoted and normalized to 5 ng/μl for library preparation. 

Sample DNA was amplified in replicate using NEB Q5 Hot Start High-Fidelity DNA 

Polymerase (New England Biolabs, Ipswich, MA, USA) and V4 variable region primers 515F 
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(5’- GTGCCAGCMGCCGCGGTAA - 3’) and 806R (5’- GGACTACHVGGGTWTCTAAT - 

3’) in 10 μl PCR reactions (1X Q5 reaction buffer, 200 μM dNTPS, 0.5 μM 515-F, 0.5 μM 806-

R, 10 ng DNA, 0.02 U/μl Q5 polymerase) under the following conditions: 98°C (30 sec),  

followed by 15 cycles of 98°C (10 sec), 52°C (10 sec), 72°C (10 sec),  a final elongation step at 

72°C (2 min), and a hold at 10°C. Initial amplification reactions were used in a secondary 

amplification/dual barcode annealing reactions. Forward and reverse dual hamming barcode 

primers (primers and barcodes with different reference indices) were designed based upon 

primers generated by Caporaso et.al (Hamady et al., 2008; Caporaso et al., 2011) (see Table S4). 

Secondary amplification reactions were prepared with 9 μl of primary amplification product in 

30 μl reactions and run under the following conditions: 98°C (30 sec), followed by 4 cycles of 

98°C (10 sec), 52°C (10 sec), 72°C (10 sec), followed by 6 cycles of 98°C (10 sec), 72°C (1 

min), followed by a final extension of 72°C (2 min), and a hold at 10°C. Two PCR reactions with 

unique barcode sets were performed in parallel for each sample to generate two technical 

replicates of each sample. Replicate PCR reactions were pooled and purified using Omega 

BioTek E.Z.N.A. Cycle-Pure Kit and were eluted in 50 μl of elution buffer. Purified amplicon 

libraries were quantified as described above. Sample libraries were then normalized and pooled 

to a concentration of 10 nM based on a predicted total product size of ~ 400 bp. Final sample 

library pool concentration was assessed using Qubit HS dsDNA assay (Thermo Fisher) and final 

library size was quantified using Agilent Bioanalyzer 2100 DNA-HS assay (Agilent, Santa Clara, 

CA, USA) before submission to the University sequencing center (Georgia Genomics Facility). 

Sample libraries were run on an Illumina MiSeq PE-250 (v2 chemistry, 500 cycles). De-

multiplexed data mapped to read indices was retrieved from Illumina BaseSpace for analysis. 
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Raw sequence data was submitted to the NCBI Sequence Read Archive under accession number 

SRP075852. 

 

Sequence Processing and Analysis.  Sequences in fastq format were processed with mothur 

(v1.35.1) (Schloss et al., 2009), following general guidelines recommended by program authors. 

Paired-end sequences were assembled and trimmed to retain an average quality score of ≥ Q25 

over a 50 bp window. Sequences with ambiguous bases, repeats of > 8 bp, or lengths not within 

the range of 200-275 bp were removed. Sequences were aligned to the rRNA GreenGenes 

reference alignment (May 1999 release) (McDonald et al., 2012). The sequence alignment was 

screened for chimeric sequences using uchime (Edgar, 2011), flagged chimeras (abskew = 1.9, 

minh = 0.3, mindiv = 0.5, xn = 8.0, dn = 1.4, xa = 1, chunks = 4, minchunk =64, id smoothing 

window = 32, min smooth id = 0.95, maxp = 2 , de-replicate = T) were removed from the 

alignment. The final alignment was classified based on the Greengenes classification database 

(May 2013 release) appended with curated freshwater rRNA sequences (July 2012 release) 

(Newton et al., 2011 ) using the Wang method (Wang et al., 2007). Sequences that were 

classified as chloroplasts or mitochondria were removed. Remaining sequences were clustered 

into operational taxonomic units (OTUs) at a 97% similarity level using the average nearest 

neighbor algorithm. Sample technical replicate counts were combined within the final OTU 

table. Singletons were not removed.  Representative OTU sequences were obtained from the end 

processed fasta alignment using a maximum abundance method. All data analysis, plot 

generation, and diversity measures were conducted using the R statistical software program (R 

Development Core Team, 2012) and the R package vegan (Okansen et al., 2011).  For principal 

components analysis, calculations of alpha and beta diversity, and evaluation of correlations 
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between environmental factors and sample taxonomic composition, all samples were rarefied to 

a constant depth of 3,546 sequences.   

For identification of putative source environments for OTUs, OTU sequence 

representatives were generated using the maximum abundance method in mothur (Schloss et al., 

2009). The Seqenv (Sinclair et al., 2016) pipeline (version 1.3.0) was then used to map 

sequences to environmental ontologies (Buttigieg et al., 2013; Buttigieg et al., 2016). From the 

result of OTU ontology mappings, maximum ENVO term matches were retrieved and used to 

segregate sequences into environmental sources (totaling 383 unique terms). Environmental 

ontology terms were separated into four parent categories “fresh water”, “sediment”, “soil”, and 

“cryogenic” (see supplementary table S5 for term names and ontology numbers) based upon 

ENVO terms. To evaluate trends of parent category environmental sources to samples, linear 

regression and locally weighted scatterplot smoothing (LOESS) were completed evaluating 

sample site cumulative dendritic distance against the proportion of each parent category within 

each sampling period. Additionally, a pairwise Wilcoxon rank sum test with Bonferroni 

correction was completed to further evaluate the overall sample proportions of “cryogenic” 

OTUs within each sampling period, as the parent category showed no significant trends related 

to cumulative dendritic distance but appeared higher within the Winter 2014 sampling upon 

visual inspection of LOESS plots. 

 

Estimation of catchment area, cumulative dendritic distance, and land use for sampling 

sites.  Watersheds were delineated in ESRI’s ArcMap™ 10.2 (ESRI, 2011) geographic 

information systems (GIS) software using the tools available in the Hydrology toolbox, a one 

meter resolution digital elevation model (DEM), and sampling locations as latitude and longitude 
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points. All subsequent raster layers created during this process were at a resolution of one meter. 

Sample coordinate points were snapped to the flow accumulation raster within two meters of the 

original points. The Watershed tool was used to delineate watersheds for each snapped sampling 

point. The delineated watersheds were manually checked to ensure proper location and, where 

needed, sampling points were moved and the Watershed tool was rerun to create accurate 

watersheds. Cumulative dendritic distance was calculated using the “Flow Length” tool for each 

of the delineated watershed flow accumulation rasters. Percent land cover was calculated for 

each watershed using the National Land Cover Database 2011 (NLCD 2011) (Homer, 2015). 

The Tabulate Area tool was run on the NLCD 2011 layer using the watersheds as zones to 

calculate the area of each type of land cover contained within each watershed. Watershed area, 

dendritic distance, and percent land cover were summed to obtain totals for watersheds at each 

sampling point catchment. 
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Figure Legends 

Figure 1. Map of study collection sites. Points on the map represent locations of sampling sites 

and are colored according to cumulative dendritic distance upstream of each sampling site. River 

paths of the Middle Oconee River, North Oconee River, and Oconee River have been darkened 

to show the primary river network. Map inset displays the Georgia state border with the relative 

study area (light gray) and the cumulative catchment area of the study (shaded portion). 
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Figure 2. Proportional abundance of abundant bacterial families across five samplings. Families 

at ≥1% abundance are shown, all other OTUs are grouped into the “others” category. Fractional 

abundance is calculated relative to all sequences passing quality filters.  Samples have been 

sorted according to increasing cumulative dendritic distance (plotted below the bar plot).   

 

Figure 3. 16S rRNA gene data from all study samplings (97% I.D. OTUs, all samples resampled 

to 3546 sequences). A) Beta-diversity (Bray-Curtis dissimilarity) between streams within size 

class groupings. B-D) Alpha diversity (Shannon index), and the fraction of OTUs identified as 

freshwater-, soil- and sediment-associated plotted against log dendritic distance as a proxy for 

sample site stream size. Trendlines were calculated as linear regressions of each variable against 

log dendritic distance. Gray areas show 95% confidence intervals for these relationships.  

 

Figure 4. Proportional abundance of selected freshwater lineages across five samplings. For each 

sampling date, sites have been sorted by increasing cumulative dendritic distance, which is 

displayed below each bar plot.  Fractional abundance is calculated relative to total sequences per 

sample.  

 

Figure 5. Visualization of relationships between OTU abundance and cumulative dendritic 

distance. A) The relative abundance of 'Core' OTUs (defined as OTUs present in ≥90% of all 

samples) plotted against log dendritic distance. B) The distribution of Spearman's rho-based 

correlation coefficients for correlations between cumulative dendritic distance and the relative 

abundances of individual OTUs, as calculated for 250 OTUs with the highest average abundance 

across the full dataset. OTUs identified as freshwater-associated have been colored in black. 
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Figure 6. Proportional abundance of OTUs that are positively correlated with increasing 

dendritic distance across five samplings (Spearman rho ≥ 0.4, p-value < 0.05). OTUs of ≥ 3% of 

all positively correlated OTUs within the season are shown, all other positively correlated OTUs 

are grouped into the “others” category. Positively correlated OTUs ≥ 1% are shown in Figure S7, 

while Figures S8 and S9 show neutrally-associated and negatively-correlated OTUs, 

respectively.  Fractional abundance is calculated relative to total sequences per sample.  Samples 

have been sorted according to increasing cumulative dendritic distance, which is displayed below 

each bar plot. 
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