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Maintaining the quality and quantity of water resources in light of complex changes in

climate, human land use, and ecosystem composition requires detailed understanding

of ecohydrologic function within catchments, yet monitoring relevant upstream

characteristics can be challenging. In this study, we investigate how variability in riverine

microbial communities can be used to monitor the climate, geomorphology, land-cover,

and human development of watersheds. We collected streamwater DNA fragments and

used 16S rRNA sequencing to profile microbiomes from headwaters to outlets of the

Willamette and Deschutes basins, two large watersheds prototypical of the U.S. Pacific

Northwest region. In the temperate, north-south oriented Willamette basin, microbial

community composition correlated most strongly with geomorphic characteristics (mean

Mantel test statistic r = 0.19). Percentage of forest and shrublands (r = 0.34) and

latitude (r = 0.41) were among the strongest correlates with microbial community

composition. In the arid Deschutes basin, however, climatic characteristics were themost

strongly correlated to microbial community composition (e.g., r = 0.11). In headwater

sub-catchments of both watersheds, microbial community assemblages correlated with

catchment-scale climate, geomorphology, and land-cover (r = 0.46, 0.38, and 0.28,

respectively), but these relationships were weaker downstream. Development-related

characteristics were not correlated with microbial community composition in either

watershed or in small or large sub-catchments. Our results build on previous work

relating streamwater microbiomes to hydrologic regime and demonstrate that microbial

DNA in headwater streams additionally reflects the structural configuration of landscapes

as well as other natural and anthropogenic processes upstream. Our results offer

an encouraging indication that streamwater microbiomes not only carry information

about microbial ecology, but also can be useful tools for monitoring multiple upstream

watershed characteristics.
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FIGURE 2 | Phylogenetic biodiversity (relative abundance of unique amplified sequences variants [ASVs]) of tributary and main-stem streamwater microbial DNA

samples throughout the (A) Deschutes and (B) Willamette watersheds in Oregon, USA. Samples for each watershed are presented in order of increasing

sub-catchment drainage area (Supplementary Table 1).

Small sub-catchments exhibited the strongest correlations
between macroscale catchment characteristics and microbial
community composition. Among StreamStats characteristics
determined to be statistically significant in at least one group
of sub-catchments (Table 1), microbial community composition
in small sub-catchments correlated most strongly with climatic
characteristics (mean r = 0.46), followed by geomorphic
(mean r = 0.38), and land-cover (mean r = 0.28; Figure 5)
characteristics. The most strongly correlated characteristics
were watershed identifier (Willamette or Deschutes; r =

0.62), January minimum temperature (r = 0.55), and annual
minimum temperature (r= 0.53;Table 1). Microbial community
composition in large sub-catchments exhibited much weaker
correlations. Mean maximum January temperature (r = 0.12),
minimum basin elevation (r= 0.10), andmean annual maximum
temperature (r = 0.10) were among the top five strongest
correlates with microbial community similarity, although none
of these were statistically significant (all p > 0.1). No
development-related characteristics were found to be statistically
correlated with microbial community similarity in small or
large watersheds.

For the macroscale characteristics we analyzed, the strength of
the correlation with the microbial community was not sensitive
to the variability of those characteristics across catchments.
Across all sub-catchment characteristics, an increase in the
standard deviation of a characteristic did not translate to a
statistically significant increase in Mantel statistic for either

FIGURE 3 | Alpha diversity (Shannon index) vs. latitudinal coordinate of

streamwater microbial DNA samples collected from small (unfilled symbols)

and large (filled symbols) sub-catchments throughout the Willamette (squares)

and Deschutes (triangles) watersheds in Oregon, USA.

the Willamette versus Deschutes watersheds (median ε =

0.14; Wilcoxon signed-rank W = 76.0, p = 0.981) or for
small versus large sub-catchments (median ε = −3.40;
Wilcoxon signed-rank W = 58.0, p = 0.381). Similarly, median
sensitivity was not statistically different from zero for any of
the characteristic groups for either the Willamette vs. Deschutes
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FIGURE 4 | Map of the 1% (dark lines) and 5% (light lines) most (left) and least (right) dissimilar microbial communities throughout the Willamette and Deschutes

watersheds in Oregon, USA. Large (filled symbols) and small (unfilled symbols) sub-catchments are those with more than or less than median drainage area,

respectively. Inset shows vicinity of HJ Andrews Experimental Forest.

watersheds or for small vs. large sub-catchments (all Wilcoxon
signed-rank p > 0.1).

Patterns were consistent when sequence data were
grouped into OTUs or when different diversity metrics
were applied. The strongest relationships between microbial
communities and watershed characteristics were observed in
small watersheds at all OTU sequence similarity levels (95%,
97%, 99%, or 100%) and for three major taxonomic groups:
Bacteroidetes, Gammaproteobacteria, and Verrucomicrobia
(Supplementary Figure 4). The microbial groups Actinobacteria
and Cyanobacteria exhibited no significant correlations with
watershed characteristics. The strongest relationships were
observed between microbial communities and geomorphic and
climatic related characteristics, although some microbial
groups were also related to land cover characteristics
(Supplementary Figure 4). The Chao-1 and ACE alpha
diversity metrics were strongly correlated with Shannon
index (Chao-1: Spearman r = 0.91, p << 0.001; ACE:
Spearman r = 0.90, p << 0.001). Characterizing community
similarity using Weighted UniFrac instead of Bray-Curtis
dissimilarity also resulted in strong correlations with watershed
characteristics in small watersheds. Also, some microbial
groups exhibited comparably strong relationships to watershed
characteristics in the Willamette and Deschutes watersheds
(Supplementary Figure 5).

DISCUSSION

We explored the potential influence of the upstream macroscale
environment in shaping streamwater microbiomes. Previous
studies found that streamwater microbial community

composition is more strongly correlated with catchment-scale
hydrologic parameters such as stream distance and catchment
area than with water sample physio-chemical water properties
(Read et al., 2015; Savio et al., 2015). Our study builds on this
previous work by expanding the suite of macroscale variables
analyzed for relationships with the microbial community
assemblage to more than 40 basin characteristics reflecting
the geomorphology, climate, land cover, and level of human
development in stream catchments.

Our results suggest that, in headwater catchments, microbial
community assemblages are shaped by catchment-scale
geomorphology and climate, but these influences weaken
downstream. The streamwater microbial metacommunity is
“seeded” from a diverse amalgamation of microbes dispersed
into headwater streams from surrounding soil and groundwater
(Crump et al., 2007, 2012), which develops and continually
combines with local inputs as the community moves downstream
with the flow of water (Ruiz-González et al., 2015). In headwater
streams in particular, where the contributing area is large relative
to the stream volume (Read et al., 2015; Savio et al., 2015), it
follows that this immigrant microbial community would reflect
the dispersal area and upslope environment and thus exhibit a
stronger correlation with macroscale catchment characteristics.
Downstream, however, biotic and abiotic factors increasingly
drive ecological succession (i.e., species-sorting; Leibold et al.,
2004), and the microbial assemblage shifts to a core riverine
community, dampening signals from the upstream catchment
(Savio et al., 2015).

The shift from diverse communities of upslope emigrants that
are tightly coupled to the catchment to a core riverine community
shaped by the local environment may explain the decreasing
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FIGURE 5 | Mean correlation between microbial community composition

(Mantel test statistic [r]) and land-cover, geomorphic, and climatic related

StreamStats basin characteristics by watershed and in small and large

sub-catchments across the Willamette and Deschutes watersheds, Oregon,

USA.

strength of the relationship between microbial community
composition and macroscale watershed characteristics. This is
supported by the low overall sensitivity of the correlations
to variability in sub-catchment characteristics moving from
upstream to downstream, in that moving to more (or less)
variable sub-catchment characteristics did not result in higher
(or lower) correlations uniformly. Since sensitivity values were
distributed between both positive and negative values and
not statistically different than zero, we conclude that changes
in the homogeneity of the landscape across which samples
are collected, as measured by the standard deviation of
landscape characteristics, is not uniformly the driving processes
determining differences in microbial composition.

Watershed location in either the Willamette or Deschutes
basins was the strongest correlate with the microbial community
across all basins and within small basins, indicating that there
are additional factors shaping distinctive microbial communities
in each basin. In the temperate, more developed Willamette
Basin, latitude and the percentage of forest and shrub land and
were most important characteristics. Due to the north-south
orientation of these basins, latitude is likely a proxy for multiple
other interacting factors (e.g., elevation and up-stream drainage
area), and the Willamette Basin in particular has a strong
human-driven gradient due to Portland at the outlet. On the
other hand, in the Deschutes Basin, geomorphic characteristics
such as topographic index and relief were more important.
It is possible that the differences in important influences on
streamwater microbial communities between basins is related to
basin hydrology and the nature of the inputs to the stream. In the

wetter, more crop-dominated landscape of the Willamette Basin,
more constant, stable inputs of water—and thus microbes—
may contribute to the development of a certain, less diverse
community than in the arid, less populated Deschutes Basin,
where flashier water inputs result in more variable contributing
areas and a different, more diverse streamwater microbial
community (Nippgen et al., 2015).

We note that, as with many scientific analyses, our results
are a product of the decisions made throughout the analysis.
Decisions about DNA extraction methods and sequencing depth
may have impacted our results. Some catchment characteristics
obtained from StreamStats that were considered redundant
were eliminated from analysis (see Supplementary Table 1),
but correlation among variables was not explored. Eliminating
correlated variables may have yielded different results, as could
have applying different significance criteria. On the other hand,
results were robust to the similarity of ASV groups. When ASVs
were grouped into operational taxonomic units (OTUs) based on
95%, 97%, or 99% DNA sequence similarity, the relative strength
and importance of characteristic categories and of spatial
scale were generally stable (Supplementary Figure 4). Although
some major microbial groups (e.g., classes Bacteroidetes,
Gammaproteobacteria, Verrucomicrobia) exhibited stronger
relationships with watershed characteristics than other groups,
we are not aware of any method that would allow for reliable
targeted sampling or analysis effort in such a way as to
appreciably conserve resources. Our results build upon those of
Good et al. (2018), in which streamwater microbiomes were used
in a machine learning algorithm to predict hydrologic regime of
a set of large rivers in adjacent and detached watersheds in the
Arctic. Here, we found that the summer microbial community
within small headwater streams reflects both the structural
configuration of the landscape as well as upstream processes.
Coupled with the results of Good et al. (2018), our results offer
an encouraging indication that streamwater microbial DNA may
thus carry information about upstream macroscale conditions
as well as hydrology and may therefore hold potential as a
useful tool in watershed monitoring. More research is needed to
determine whether these relationships hold in other seasons and
how to optimally extract this information from microbiomes.
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