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ABSTRACT Hydrologic exchange plays a critical role in biogeochemical cycling
within the hyporheic zone (the interface between river water and groundwater) of
riverine ecosystems. Such exchange may set limits on the rates of microbial metabo-
lism and impose deterministic selection on microbial communities that adapt to
dynamically changing dissolved organic carbon (DOC) sources. This study examined
the response of attached microbial communities (in situ colonized sand packs) from
groundwater, hyporheic, and riverbed habitats within the Columbia River hyporheic
corridor to “cross-feeding” with either groundwater, river water, or DOC-free artificial
fluids. Our working hypothesis was that deterministic selection during in situ col-
onization would dictate the response to cross-feeding, with communities displaying
maximal biomass and respiration when supplied with their native fluid source. In
contrast to expectations, the major observation was that the riverbed colonized
sand had much higher biomass and respiratory activity, as well as a distinct commu-
nity structure, compared with those of the hyporheic and groundwater colonized
sands. 16S rRNA gene amplicon sequencing revealed a much higher proportion of
certain heterotrophic taxa as well as significant numbers of eukaryotic algal chloro-
plasts in the riverbed colonized sand. Significant quantities of DOC were released
from riverbed sediment and colonized sand, and separate experiments showed that
the released DOC stimulated respiration in the groundwater and piezometer colo-
nized sand. These results suggest that the accumulation and degradation of labile
particulate organic carbon (POC) within the riverbed are likely to release DOC, which
may enter the hyporheic corridor during hydrologic exchange, thereby stimulating
microbial activity and imposing deterministic selective pressure on the microbial
community composition.

IMPORTANCE The influence of river water-groundwater mixing on hyporheic zone
microbial community structure and function is an important but poorly understood
component of riverine biogeochemistry. This study employed an experimental ap-
proach to gain insight into how such mixing might be expected to influence the
biomass, respiration, and composition of hyporheic zone microbial communities. Col-
onized sands from three different habitats (groundwater, river water, and hyporheic)
were “cross-fed” with either groundwater, river water, or DOC-free artificial fluids. We
expected that the colonization history would dictate the response to cross-feeding,
with communities displaying maximal biomass and respiration when supplied with
their native fluid source. By contrast, the major observation was that the riverbed
communities had much higher biomass and respiration, as well as a distinct commu-
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nity structure compared with those of the hyporheic and groundwater colonized
sands. These results highlight the importance of riverbed microbial metabolism in
organic carbon processing in hyporheic corridors.

KEYWORDS 16S rRNA gene, biogeochemistry, biomass, composition, deterministic
selection, dissolved organic carbon, hyporheic corridor, microbial communities,
respiration, riverine

The interface between river water and groundwater (i.e., the hyporheic zone) represents
a zone of elevated microbial metabolism and biogeochemical cycling in riverine

ecosystems. During periods of high river flow, fluid exchange between groundwater
and river water can occur outside the local riverbed hyporheic zone, extending into and
beyond the riparian zone. The term hyporheic corridor (HC) (1) is used to encompass
this broader ecotone, which represents a temporally variable domain where ground-
water and river waters mix in response to hydrologic dynamics. The HC is an example
of a hot moment (2, 3), where the mixing of river water and groundwater constituents
occurs in high flow zones in which river water-groundwater exchange is most intense.
The HC is a zone of confluence of organic materials and nutrients that has the potential
to remove nitrogen inputs and to process large amounts of organic carbon (4) as well
as environmental pollutants and even microbial pathogens (5). A scientific understand-
ing of the linkage between microbial communities and biogeochemical cycling within
the HC is fundamental to forecasting how these critical systems will respond to
dynamic changes in watershed and local-scale hydrology.

General theories for mechanisms that control the composition of microbial com-
munities were recently expanded by Vellend (80) and Hanson et al. (7), detailing the key
components as speciation, organism dispersal, ecological selection, and ecological drift.
These factors have been further classified into two classes, deterministic and stochastic.
Deterministic selection is imposed by the environmental conditions that a microbial
community is exposed to (8–10), whereas stochastic selection occurs due to perturba-
tions, such as probabilistic dispersal, random birth-death events, and unpredictable
disturbances (11). Determining how deterministic versus stochastic selection processes
influence microbial community assembly is still poorly understood, and few studies
have investigated these influences simultaneously. Stegen et al. (12–14) conducted
such an analysis on subsurface microbial communities at the U.S. Department of
Energy Hanford 300 Area site in eastern Washington, USA (see Materials and
Methods). Broadly speaking, the results suggested that microbial community assembly
was controlled by deterministic selection linked to environmental conditions, dispersal
related to hydrological transport, and random ecological drift as a result of stochastic
population shifts. In another recent study at the Hanford 300 Area site, Stegen et al. (15)
found that during river water intrusion into the Columbia River HC, there was a loss of
dissolved organic carbon (DOC) linked to microbial metabolism in hyporheic sediments.
This phenomenon triggered a shift from stochastic to deterministic selection and was
associated with elevated abundances of microbial taxa that can degrade a broad suite
of organic compounds. Parallel work by Graham et al. (16, 17) provided further evidence for
the importance of hydrologic mixing-induced deterministic selection in controlling
Hanford 300 Area HC microbial community composition and linked such processes to
changes in rates of microbial metabolism. However, these studies were performed in
situ; hence, the impact of dynamic mixing versus homogeneous environmental selec-
tion (where the selective environment remains spatially homogeneous within each
successional stage [18]) is unknown.

This study employed an experimental approach to gain insight into how river
water-groundwater mixing might be expected to impact Hanford 300 Area HC micro-
bial communities. As discussed in the report by Graham et al. (16), the Hanford Reach
of the Columbia River represents a model system in which to integrate community
ecology and microbial metabolism in a hydrobiogeochemical context. The biomass,
composition, and metabolic activity of attached communities from three different
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habitats were investigated, including ones obtained (via in situ colonization of sterile
sand [see Materials and Methods]) from groundwater, riverbed, and hyporheic zone
environments. To simulate river water-groundwater mixing events, each microbial
community was “cross-fed” with either sterile groundwater, sterile river water, or sterile
DOC-free artificial versions of these fluids. Key to the experimental design was the
exclusion of dispersal effects and the limitation of stochastic processes to disturbance
during the isolation and sampling of the colonized sand. Microbial biomass (ATP
content), respiratory activity (resazurin reduction), and community composition (16S
rRNA gene amplicon sequencing) were followed over time to assess the temporal
responses to cross-feeding.

Several prior studies have demonstrated habitat-driven selection of hyporheic mi-
crobial communities, including ones in systems with different hydrology, substratum
properties, organic matter inputs, or gradients in heavy-metal contamination (19–26).
Based on this work and recent microbial community assembly studies in the Hanford
300 Area HC (15–17), deterministic selection imposed by the various DOC sources/
amounts in the three different habitats was expected to lead to distinct microbial
assemblages in the colonized sand materials. Stegen et al. (15) showed (using high-
resolution Fourier transform-ion cyclotron resonance mass spectrometry) significant
differences in the properties of DOC among groundwater, river water, and hyporheic
zone fluids, which were correlated with both microbial respiration and community
composition. We hypothesized that the microbial community response to experimental
manipulation during the laboratory incubations would positively reflect such deter-
ministic selection, such that groundwater-derived microbial communities would show
increased biomass and metabolism when exposed to filtered natural groundwater com-
pared with that when exposed to filtered river water (or artificial carbon-free groundwater),
whereas riverbed microbial communities would have higher biomass and metabolism
when given filtered river water than when given filtered groundwater (or artificial carbon-
free river water). The response of hyporheic zone microbial communities was an unknown,
since that habitat experiences frequent mixing of groundwater and river water during flow
reversals (see below). A second hypothesis was that microbial communities in the
microcosms would undergo a temporal shift in response to cross-feeding, i.e., a
community exposed to a nonnative fluid source would become similar to communities
present in the corresponding nonnative community. Experimental evaluation of these
hypotheses provides new insight into the connection between habitat-driven deter-
ministic selection and biogeochemical function in a large river HC.

RESULTS
Microbial biomass and respiration. The initial cross-feeding experiment (CF1)

showed that the biomass (ATP content) and aerobic respiratory activity (resazurin
reduction) of the riverbed sand (RBS) community were consistently higher than those
of communities associated with the other two sand types irrespective of the fluid
source (Fig. 1). This was true even for the artificial river water (ARW) and artificial
groundwater (AGW) reactors that received negligible DOC (�0.1 ppm) input. Similar
results were observed in the second experiment (CF2) (see Fig. S6 in the supplemental
material). No consistent increases or decreases in biomass values related to feed
solution were observed throughout the experiments. The groundwater sand (GWS) and
piezometer sand (PZS) reactors that received river water (RW) with higher DOC content
(ca. 1.2 ppm) showed very little separation in biomass and respiration from those
receiving groundwater (GW; ca. 0.3 ppm DOC), AGW, or ARW. Aerobic respiration rates
remained relatively stable throughout both experiments, except for the RBS reactors,
where a decreasing trend was observed over time (Fig. 1E; see also Fig. S6E). The same
relative order of biomass and respiration for the different sand types was observed in
the desorption/cross-feeding (DCF) experiment (Fig. 2), with RBS showing much higher
values than PZS and GWS, and PZS showing higher values than GWS. Biomass values
in reactors exposed to sediment desorbed (Sed) DOC or RBS DOC were not systemat-
ically higher than in reactors receiving RW or ARW (Fig. 2A to C). However, respiration
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rates were elevated in GWS and (to a lesser extent) PZS exposed to Sed DOC and RBS
DOC compared with those exposed to RW or ARW (Fig. 2E and F).

A statistical linear mixed modeling (LMM) comparison of the two replicate cross-
feeding experiments using the lme4 package in R (Table 1) confirmed that sand type
was the greatest source of variation for both biomass and respiration. F tests with P

FIG 1 ATP contents and rates of resazurin transformation to resorufin (Rru) for the groundwater (A, D),
riverbed (B, E), and piezometer (C, F) sand colonized reactors for cross-feed experiment 1. Each data point
shows the mean � SD or range from triplicate or duplicate reactors.

FIG 2 ATP contents (A to C) and rates of resazurin transformation to resorufin (Rru) (D to F) for the
desorption/cross-feed experiment.
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values lower than 0.05 were considered significant. Time was a significant factor only
for CF2 microbial respiration rates (which decreased with time); this was not the case
for CF2 microbial biomass or for CF1 respiration. The significance of year for the
biomass data was due to CF2 (2015) having higher overall values than CF1 (2014).
Although fluid type was a statistically significant factor for the combined CF1/CF2
biomass data and the CF2 respiration data, these differences neither supported nor
refuted the overall hypothesis of this study (see below). LMM results for the DCF
experiment revealed that sand type and time were again the most significant sources
of variation for biomass content. For respiration, fluid type was a marginally significant
source of variation, with sand type and time still the leading sources of variation.

Pairwise comparisons revealed a few cases where fluid type had a statistically
significant impact on microbial biomass or respiration. For the two cross-feeding
experiments (see Table S1), biomass values showed small (typically less than 2-fold) but
significant differences among water types that were, in general, unexpected relative to
the working hypothesis of the study that a given sand type would perform best when
provided fluid from its native environment. For example, for CF2, the biomass for RBS
receiving GW was higher than for RBS receiving RW, and GWS receiving RW was higher
than GWS receiving GW. Likewise, for respiration in CF2, rates were higher for GWS with
RW than with GW. Other significant differences were related to differential responses to
AGW or ARW compared with those to nonartificial fluids. For the DCF experiment (see
Table S2), GWS reactors had significantly higher biomass when exposed to Sed DOC
and RBS DOC than when exposed to ARW. Also, both GWS and PZS respiration rates
were significantly higher in the presence of Sed DOC and RBS DOC than in the presence
of RW.

DOC dynamics. DOC data for CF1 and CF2 showed an unexpected trend for the RBS
reactors (Fig. 3), where DOC concentrations exceeded the values expected for the given
feed stocks. These results indicate that DOC was released into solution from the RBS
between sampling points. PZS reactors containing GW and AGW displayed smaller but
detectable amounts of DOC release. By contrast, GWS and PZS reactors containing RW
showed a slight loss of DOC. A substantial release of DOC from RBS was again observed
in the DCF experiment (Fig. 4). A loss of DOC occurred in GWS exposed to RW, Sed DOC,
and RBS DOC; likewise, PZS exposed to Sed DOC and RBS DOC showed a loss of DOC.

Microbial community composition. Nonmetric dimensional scaling (NMDS) anal-
ysis was conducted on the 16S rRNA gene amplicon libraries to assess differences in

TABLE 1 Linear mixed model analysis of variance for the cross-feeding experiments

Dependent variable Factor df F value P value

Biomass Year 1 131.63 2.20E�16

CF1 and CF2 Sand 2 287.67 2.20E�16
Water 3 3.77 0.01
Time 1 2.56 0.11

Respiration CF1a Sand 2 44.89 2.95E�14
Water 3 0.73 0.54
Time 1 3.74 0.06

Respiration CF2a Sand 2 156.56 5.43E�13
Water 3 6.62 2.70E�03
Time 1 81.22 1.67E�08

Biomass DCF Sand 2 86.58 7.10E�09
Water 3 1.39 0.29
Time 1 82.26 9.94E�13

Respiration DCF Sand 2 62.09 5.16E�08
Water 3 4.07 0.027
Time 1 30.11 1.07E�06

aRespiration data for CF1 contained several measurements that were just above the detection limit. Such
data were not present in the CF2 data; thus, the two data sets are modeled separately.
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microbial community structure among the different sand reactor types for the three
cross-feeding experiments. Libraries from different fluid treatments were grouped
together for each time point during each experiment, because analysis of similarity
(ANOSIM) showed that (with the exception of GWS in the DCF experiment [see below])
fluid type did not significantly influence the community composition (Table 2). The
results revealed large differences in community structure among the different reactor
types for each of the three experiments (Fig. 5). Although the RBS and PZS communities
grouped closer to each other than either did to the GWS, ANOSIM nevertheless showed
that the RBS and PZS communities were distinct (Table 2). This finding is not surprising
in light of the difference in alpha diversity among the sand reactor communities (see
Table S3).

A phylum-level analysis revealed major differences in sand reactor community
composition for each of the three experiments (Fig. 6 and Table 3). We found it
insightful to approach this analysis by examining Proteobacteria and non-Proteobacteria
phyla in two separate groupings. Proteobacteria were more abundant in the GWS (70
to 75% of total reads) than in the RBS (50 to 55%) and PZS (40 to 45%) reactors,
particularly in CF2 and DCF. However, non-Proteobacteria phyla increased over time
in the GWS reactors, whereas the relative abundance of Proteobacteria versus
non-Proteobacteria showed only minor changes over time in the RBS and PZS
reactors. Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria were the
dominant proteobacterial classes in all reactors, with smaller but substantial amounts
of Deltaproteobacteria in the RBS and PZS reactors (Fig. 7).

The families represented within the main proteobacterial classes and selected
non-Proteobacteria phyla for each sand type were summarized for each experiment (see
Tables S4 to S6). Based on the phylum-level breakdown in Fig. 6, the major non-
Proteobacteria phyla selected for analysis included Acidobacteria, Bacteroidetes, Nitro-

FIG 3 DOC concentrations in the fluid phase of groundwater (A, D), riverbed (B, E), and piezometer
(C, F) sand reactors from the two replicate cross-feed experiments. The green and red sections show the
release or consumption of DOC based on the difference between the reactor DOC and the expected DOC
content of the feed stock solution (blue sections). Values are the means � SDs from 3 time points from
triplicate reactors for experiment 1, and the means � SDs from 6 time points from triplicate reactors for
experiment 2.
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spirae, Planctomycetes, Verrucomicrobia, and Thaumarchaeota. For the family-level anal-
ysis, the numbers of amplicon reads for each family were summed across all water types
for a given sand type and divided by the total number of reads for the corresponding
phylum. Only families that comprised �0.1% of total phylum reads were considered in
the analysis.

The detailed treatment of the phylum/family-level analysis is provided in Text S2 in
the supplemental material. A key result is that certain taxa were much more abundant
in the RBS and (to a lesser extent) PZS reactors than in GWS, including non-
Proteobacteria phyla with known heterotrophic physiologies (e.g., Acidobacteria, Planc-
tomycetes, and Verrucomicrobia) and Deltaproteobacteria with unique metabolic prop-
erties (fermentative Syntrophobacteraceae, anaerobic respiratory Geobacteraceae, and
various diverse heterotrophic taxa from the order Myxococcales). Another major dis-

TABLE 2 ANOSIM of microbial community compositions across different sand and water
types for the three cross-feeding experiments

Experiment Factor R value P value

CF1 Sand typea 0.878 0.001
CF2 Sand type 0.793 0.001
DCF Sand type 0.884 0.001
CF1 Water type (GWS)b 0.115 0.216
CF1 Water type (RBS) 0.120 0.140
CF1 Water type (PZS) 0.090 0.317
CF2 Water type (GWS) �0.096 0.233
CF2 Water type (RBS) �0.062 0.706
CF2 Water type (PZS) �0.187 0.968
DCF Water type (GWS) 0.579 0.024
DCF Water type (RBS) �0.235 0.987
DCF Water type (PZS) 0.196 0.148
aPooled across all time points and water types.
bPooled across all time points for each water type.

FIG 4 DOC concentrations in the fluid phase of riverbed (A), groundwater (B), and piezometer (C) sand
reactors for the desorption/cross-feed experiment. The green and red sections show the release or
consumption of DOC based on the difference between the reactor DOC and the DOC content of the feed
stock solution (indicated on x axis). Values show means � SDs from 3 time points from triplicate reactors.
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tinction was the presence of different types of “Cyanobacteria” sequences in RBS and
PZS versus GWS. A BLAST analysis revealed that the dominant Cyanobacteria opera-
tional taxonomic units (OTUs) in RBS (90 to 95% of total Cyanobacteria sequences) and
PZS (72 to 84%) actually corresponded to chloroplasts from the order Stramenopiles, a

FIG 5 NMDS analysis of microbial community composition for the cross-feeding and desorption/cross-feed
experiments. R and P values in each panel are results of ANOSIM of 16S rRNA gene amplicon dissimilarity.
Results for reactors with different fluid sources are shown by the same symbol color because ANOSIM
showed that fluid type did not significantly influence community composition (see Table 2). Different time
points (days) are shown with the following symbols. For cross-feed 1: Œ, 0; �, 14; o, 28; p, 35. For
cross-feed 2: Œ, 0; �, 7; o, 21; p, 35; e, 41. For desorption/cross-feed: Œ, 0; �, 5; o, 19; p, 26.

FIG 6 Phylum-level microbial community compositions in the colonized sand reactors. Each bar shows the
average result from 2 to 4 reactors that received different fluid sources during the incubation experiments.
Results for reactors with different fluid sources were combined for each time point during each experiment
because ANOSIM showed that fluid type did not significantly influence community composition (see Table 2).
Chloroplast refers to the chloroplast from eukaryotic algae; non-PS Cyanobacteria refers to nonphotosynthetic
cyanobacteria from the class ML635J-21 in the Greengenes and Silva 16S rRNA gene databases.
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large group of eukaryotic algae that includes diatoms. By contrast, the dominant (88 to
94%) Cyanobacteria OTU in GWS was related to class ML635J-21, which Soo et al. (27)
showed is related to the Melainabacteria, a novel group of nonphotosynthetic (non-PS)
Cyanobacteria recently identified in the human gut and in groundwater from Rifle, CO
(28). The role of non-PS Cyanobacteria in GWS is unknown, whereas the chloroplast 16S
rRNA gene sequences (as well as scanning electron microscope [SEM] images [see Fig.
S7]) provide unambiguous evidence for the presence of eukaryotic algal biomass in the
RBS and PZS.

Although ANOSIM indicated that fluid source, in general, did not have a significant
influence on overall microbial community composition, we examined the major Pro-
teobacteria and non-Proteobacteria taxa mentioned above to look for possible case-by-
case differences in abundance as a function of fluid source. The search revealed no
systematic variations in the relative abundance of different Proteobacteria classes in CF1
and CF2 (data not shown). For non-Proteobacteria in CF1 and CF2, GWS fed with RW
showed modest increases in Planctomycetes and Verrucomicrobia over time (see Fig. S8).
For DCF, a similar stimulation of Planctomycetes and Verrucomicrobia occurred in GWS
reactors in response to RW, Sed DOC, and RBS DOC compared with that in response to
ARW (see Fig. S9B and C). Even more striking was the severalfold increase in Bacte-
roidetes abundance in GWS in response to Sed DOC and RBS DOC (Fig. S9A). The latter
results likely account for the significant ANOSIM R value for GWS in DCF (Table 2). No
systematic variations in proteobacterial class abundance were observed for DCF (data
not shown).

DISCUSSION
Habitat selection of attached HC microbial communities. Although the sand

packs did not reproduce in situ groundwater, riverbed, or hyporheic zone sediment
properties, the sand is from the same geological (Hanford) formation and provided a

TABLE 3 Relative abundance of selected phylaa summed across all water types for a
given sand type for each of the three cross-feeding experiments

Expt. Phylum

Total reads (%)

GWS RBS PZS

CF1 Proteobacteria 72.3 39.8 53.3
Acidobacteria 1.9 11.7 8.8
Bacteroidetes 3.0 6.7 5.5
Cyanobacteria 8.3b 9.4c 2.1c

Nitrospirae 1.6 1.1 1.4
Planctomycetes 3.4 15.5 11.5
Verrucomicrobia 1.1 4.6 3.4
Crenarchaeota 0.6 1.1 2.2

CF2 Proteobacteria 70.1 40.0 50.7
Acidobacteria 1.1 7.5 6.2
Bacteroidetes 6.3 13.0 7.4
Cyanobacteria 1.3b 5.4c 2.5c

Nitrospirae 1.8 1.7 2.2
Planctomycetes 5.5 11.6 12.0
Verrucomicrobia 2.1 5.5 4.9
Crenarchaeota 2.3 2.1 2.1

DCF Proteobacteria 75.8 44.3 50.2
Acidobacteria 0.7 8.1 7.7
Bacteroidetes 13.7 10.4 13.4
Cyanobacteria 0.4b 9.3c 1.8c

Nitrospirae 1.1 0.9 2.5
Planctomycetes 1.9 10.5 10.4
Verrucomicrobia 1.3 8.1 4.4
Crenarchaeota 0.1 0.2 0.9

aSee Discussion for phyla.
bTaxa were dominated (82 to 94%) by nonphotosynthetic taxa from class ML635J-21.
cTaxa were dominated (70 to 94%) by chloroplasts of eukaryotic algae of the order Stramenopiles.
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clean substratum on which microbial community development as a function of in situ
habitat could be assessed (16). NMDS analysis of the 16S rRNA gene amplicon libraries
indicated that distinct attached microbial communities did in fact arise in the three
different in situ colonization habitats (Fig. 5). The RBS and PZS were more diverse (see
Table S3 in the supplemental material) and contained a much larger proportion of
non-Proteobacteria taxa (Fig. 6). These results clearly demonstrate that the habitat
imposed deterministic selection on attached microbial communities. This basic finding
agrees with a prior high-throughput (pyrosequencing) 16S rRNA gene amplicon anal-
ysis of microbial communities in contrasting field and laboratory hyporheic zone
sediments (29) and with a wealth of ongoing studies in various lotic ecosystems (see
Battin et al. [30] for an excellent review). However, our results do not support the
hypothesis that, because of deterministic selection during colonization, microbial
communities would show maximal biomass and metabolic activity when exposed to
their native fluid source as opposed to alternative DOC sources (Fig. 1 and 2; see also
Fig. S6). Instead, it appears that colonized sand type, as a reflection of habitat-driven
deterministic selection during colonization, exerted primary control on biomass and
metabolic activity (see LMM results in Table 1). Although, in some cases, fluid source
had a significant influence on biomass or respiration, the differences did not indicate
that a given sand type had a higher biomass or respiration when provided with fluid
from its native environment (see pairwise comparisons in Table S1). The overwhelming
influence of in situ colonization habitat was also reflected by the fact that (with a

FIG 7 Proteobacterial class composition in the colonized sand reactors. Each bar shows the average result
from 2 to 4 reactors that received different fluid sources during the incubation experiments. Results for
reactors with different fluid sources were combined for each time point during each experiment because
ANOSIM showed that fluid type did not significantly influence community composition (see Table 2).
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few notable exceptions [see below]) microbial community composition generally
showed no change in response to fluid source manipulation (see ANOSIM results in
Table 2). Despite some internal reorganization of communities in the sand reactors
(in particular GWS [see Fig. 6 and 7]), an ANOSIM showed that the three different
sand type communities remained distinct (P values � 0.004) over time during each
of the experiments (data not shown).

The patterns in the relative abundance of dominant taxa provide insight into
potential linkages between community composition and the physiological function of
those communities in the different HC habitats. A subset of these taxa was present in
comparable numbers in all three habitats, whereas others showed major variations
connected to differential organic matter input and metabolism. Metabolically diverse
heterotrophic Proteobacteria (31) were abundant in all the colonized sands, which is
consistent with other hyporheic microbial communities (22, 29, 30) as well as previous
Hanford 300 Area studies (15–17), and indicates a central role of these organisms in
organic carbon (OC) decomposition across the HC. The abundance of Pseudomon-
adaceae relative to all Gammaproteobacteria was particularly high in the GWS, which is
consistent with a previous sand colonization study in Hanford 300 Area groundwater
(32), where Pseudomonadaceae accounted for 60 to 80% of all Proteobacteria. In
addition, incubation experiments with Hanford 300 Area sediments indicated a key role
for Pseudomonadaceae and other heterotrophic taxa in OC metabolism (33). Non-
Proteobacteria heterotrophs from phylum Bacteroidetes were also abundant in all sand
types (3 to 14% of all reads across the three experiments), suggesting these organisms
are well adapted to the diverse suite of OC sources present in the Hanford 300 Area HC
(15). Likewise, organisms from the genus Nitrospira, a well-known aerobic nitrite-
oxidizing taxon (34), accounted for a small percentage of total reads in each sand type
and are likely to have been involved in nitrogen cycling across the HC. A similar
conclusion applies also to the (presumed) aerobic ammonium-oxidizing Thaumar-
chaeota families Cenarchaeaceae and Nitrososphaeraceae (35), which is consistent with
a recent study that revealed substantial numbers of Thaumarchaeota and inferred their
role in nitrogen cycling within the Hanford 300 Area HC (16).

The distributions of other taxa showed clear differences across the three HC habitats.
The dominance of aerobic predatory Bdellovibrionaceae (36) and bacteriolytic Kofleri-
aceae (37) within GWS Deltaproteobacteria suggest that these taxa likely thrive in
Hanford 300 Area groundwater through consumption of other heterotrophic microbial
biomass. The much higher abundance of other types of Deltaproteobacteria in RBS (and
to a lesser extent PZS) than in GWS is an obvious distinction that is almost certainly
related to in situ metabolic function. In particular, the presence of fermentative (e.g.,
Syntrophobacteraceae) and anaerobic respiratory (e.g., Geobacteraceae) organisms point
to microbial populations in RBS and PZS that thrive under low O2 or anoxic conditions,
e.g., in anaerobic microsites within an otherwise bulk aerobic environment. This idea is
consistent with the conclusion that the high biomass and respiration of RBS and (to a
lesser extent) PZS compared with those of GWS resulted from the input of fresh
river-derived OC (see below) and with the results of an earlier study that provided
geochemical evidence for anoxic conditions and cultivation-based evidence for the
presence of considerable numbers of anaerobic respiratory taxa in Hanford 300 Area
riverbed sediments (38). Among non-Proteobacteria phyla, organisms from the Acido-
bacteria, Planctomycetes, and Verrucomicrobia phyla were severalfold more abundant in
RBS and PZS than in GWS (Table 3). The dominant taxa detected within these phyla (see
Text S2 and Tables S4 to S6) were all relatives of heterotrophic organisms whose
prominence points to enhanced (relative to GWS) OC decomposition in RBS and PZS
reactors by these phyla.

Riverbed hot spot for organic carbon processing. In addition to RBS displaying 5-
to 10-fold higher microbial biomass and respiration than GWS and PZS (Fig. 1 and 2; see
also Fig. S6), reactor fluid phase analyses indicated that DOC was released into solution
from RBS during the incubation experiments (Fig. 3 and 4). We speculate that the
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released DOC originated from DOC and/or particulate organic carbon (POC) that
accumulated in the RBS (e.g., via natural depositional and sorption processes at the
riverbed surface) during in situ incubation. The input of fresh POC was evidenced by the
presence of eukaryotic algal chloroplast sequences in the 16S rRNA gene amplicon
libraries (Fig. 6), as well as from direct microscopic observation of diatom frustules in
the RBS (Fig. S7). We were unable to detect (by high-temperature combustion in an
elemental analyzer) differences in the POC content of the different colonized sands
from CF1 (all values were near the detection limit of ca. 0.1% C [data not shown]);
however, the presence of bioavailable OC in the RBS was clearly reflected by their much
higher biomass and respiration rates. In addition, a visual inspection of the RBS reactors
at the start of CF1 revealed the presence of a layer of fine-grained materials that settled
onto the sand surface after mixing and the addition of filtered RW at the start of the
experiment (see Fig. S10B). Such materials were absent in the GWS and present in much
lower abundance in the PZS reactors (Fig. S10A and C). Although we cannot exclude
the possibility that some of the fresh POC in RBS came from photosynthesis during
colonization, the sand packs were contained within a perforated metal tube that
remained covered with riverbed sand and gravel during in situ incubation. Based on
this, we conclude that the algal biomass that entered the RBS likely came from the
water column and/or from periphyton material (see Fig. S4C and D) that was
mobilized by turbulence near the riverbed surface. Even if some of the algal biomass
came from in situ photosynthesis within the buried tube-enclosed sand packs, it seems
likely that such photosynthesis would also take place within the upper several centi-
meters of the native riverbed material. The key point is that fresh primary production
entered into the upper several centimeters of the riverbed surface and had a major
impact on microbial community composition and respiratory activity.

The release of DOC in the RBS cross-feeding reactors motivated us to test whether
or not riverbed surface sediment and riverbed colonized sand would release DOC
during short-term (24 h) “desorption” experiments and, if so, whether such released
DOC would stimulate microbial biomass and metabolism in colonized sand packs.
Previous studies have documented the influence of labile DOC addition on the com-
position and/or metabolism of stream hyporheic microbial communities (e.g., see
references 24, 29, 39–41), although only one of these studies (29) benefited from the
large-scale 16S rRNA gene amplicon sequencing approach employed here. Two poten-
tial mechanisms for DOC release during the desorption experiments include (i) actual
desorption from surface binding sites on sediment/sand particles and (ii) release
associated with POC decomposition. There is ample evidence for sorption of DOC to
soil and sediment particle surfaces (3, 42–46) and for the release of sorbed DOC during
hydrologic disturbance (47–49). Numerous studies have documented the release of
DOC during POC decomposition in soils and sediments (e.g., see references 50–56).
Although POC decomposition cannot be ruled out as a mechanism for DOC release,
because the experiments were conducted at 4°C and for a relatively short time period,
it seems likely that much of the DOC release was via desorption. Given the relatively
long-term nature of the cross-feeding experiments compared with that of the desorp-
tion experiment, it is possible that at least some of the DOC released during the former
originated from POC decay. Unfortunately, the temporal resolution of reactor fluid
sampling during the cross-feeding experiments was insufficient to assess the time
frame on which DOC was released from the RBS, i.e., whether it was released quickly via
desorption after sampling and fluid replacement or more slowly as a result of POC
decay. However, the key point is that the RBS contained sources of OC that were
mobilized into solution during incubation.

The addition of desorbed DOC had no significant impact on microbial biomass or
respiration in the RBS reactors (Fig. 2B and E). However, respiration rates in both the
GWS and PZS reactors showed a significant positive response (2- to 3-fold increase) to
freshly desorbed DOC sources compared with that to RW (Fig. 2E and F; see also Table
S2). In addition, taxa such as Bacteroidetes, Planctomycetes, and Verrucomicrobia, which
were abundant members of the non-Proteobacteria phyla in RBS and PZS, were
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increased in GWS in response to RW, Sed DOC, and RBS DOC (Fig. S7 and S8). The
stimulation of such types of heterotrophic taxa by increased OC input agrees with
results from hyporheic sediment column experiments where different levels of DOC
input were used to assess the influence of OC loading on microbial assemblages (29),
although the stimulated phyla differed, with Verrucomicrobia being the only major
overlap. The responses by GWS and PZS to river-derived DOC input were also consis-
tent with Stegen et al. (15) who showed that the rising river stage transported bioavailable
DOC into the hyporheic zone, thereby stimulating respiration. Likewise, the stimulation
of selected heterotrophs by DOC input agrees with the inference by Graham et al. (16)
that river water intrusion into the Hanford 300 Area HC selected for an increased
abundance of heterotrophic taxa (although not the same ones observed in this study).
However, despite the microbial communities and biogeochemical responses of GWS
and PZS to the freshly desorbed DOC, these respiration rates were far below those in
the RBS reactors. This finding, together with the insignificant impact of desorbed DOC
on RBS respiration rates, suggests that OC accumulation and metabolism played a key
role in RBS biomass accumulation during in situ colonization and respiration during
laboratory incubation.

The DCF results support the idea that the input of OC from the overlying riverbed
was at least partially responsible for the relatively high biomass and respiration of the
PZS compared with those of the GWS in the cross-feeding experiments. The PZS packs
were incubated in the hyporheic zone ca. 1 m below the riverbed surface and therefore
had less contact with materials in the river water. However, some fine-grained material
was evident in the PZS reactors (Fig. S10C), which was less than in the RBS reactors but
more than in the GWS reactors which showed no such layer (Fig. S10A). The PZS 16S
rRNA gene amplicon libraries also contained detectable amounts of chloroplast se-
quences (Fig. 6). These results suggest that the near-surface hyporheic zone received at
least some input of POC from the river, which could account for the presence of a
microbial community more similar to RBS than GWS (Fig. 6 and 7). In the case of PZS,
the algal biomass detected could not have come from in situ photosynthesis but rather
must have entered the hyporheic zone via downward transport from the riverbed.

Biogeochemical implications. The Columbia River represents a premier example
of how river stage variations can lead to the large-scale mixing of river water and
groundwater. Forecasting models predict an increase in large rain events (�50 mm/
day) and total precipitation in North America (see reference 57 and references therein).
Such increases in precipitation are expected to escalate the occurrence and intensity of
river water-groundwater mixing events (58–60), leading to a higher potential for the
development of hot spots and moments within the HC. Although progress has been
made in linking microbial community dynamics with biogeochemistry in hyporheic
zone environments (see references 16 and 15 and references therein), mixing-
induced variations in microbial community structure and function remain a poorly
understood component of riverine biogeochemical function (61).

The central goal of this study was to gain experimental insight (through fluid source
manipulation, or “cross-feeding”) into how hydrologic exchange may be expected to
influence the sizes, activities, and compositions of microbial communities within the
nearshore hyporheic zone and the broader HC. The initial hypothesis underlying the
work was related to the potential influence of deterministic selection imposed by
DOC sources (during in situ colonization) on the community response to fluid source
manipulation. However, our results did not concur and instead pointed to a different
first-order impact of hydrodynamics on HC microbial communities, namely, the poten-
tial for depositional processes and hydrologic exchange to drive labile OC into the
riverbed. This process led to much higher microbial biomass and respiration in colo-
nized sand from the riverbed than in sand colonized in the hyporheic zone or in
groundwater adjacent to the river. In retrospect, these results are perhaps not surpris-
ing, as it is well recognized that on a volume-normalized basis, by far the largest
amount of riverine biogeochemical activity takes place either at or just below the
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riverbed surface (see reference 4 for a review). This is because the concentration and
residence time of organic matter and associated microbial communities in riverbed
sediments are typically several orders of magnitude greater than in the overlying water
(62, 63). From a hydrological perspective, permeable riverbed sediments can be con-
sidered reactive sieves or filters which can capture entrained suspended particles and
dissolved materials during river water infiltration (6, 30, 64, 65). Thus, riverbed sedi-
ments are a focal point for material carried by the river, concentrating both
allochthonous and autochthonous organic matter (63, 66, 67). Such organic matter
inputs provide electron donors to support an array of respiratory and fermentative
reactions, as reflected by the distinct RBS microbial communities reported in this
study and the results of an earlier cultivation-based study in Hanford 300 Area
hyporheic sediments (38).

Microbial biomass and respiration in the PZS, though much lower than in the RBS,
were higher than in GWS, and our experimental results (i.e., from the DCF experiment)
suggest that DOC released from riverbed sediment and colonized sand could stimulate
the respiration of PZS and GWS microbial communities. This finding agrees with those
of seminal studies of hyporheic zone metabolism (59, 68, 69) and highlights a key
biogeochemical implication of this study (illustrated in Fig. S11) that the input of POC
and its degradation within the near-surface riverbed are likely to drive an influx of labile
DOC into the hyporheic zone and potentially the broader HC, depending on the
intensity of river water-groundwater exchange. Our results are consistent with the
conclusion of Graham et al. (16) that microbial community structure and function in
the Hanford 300 Area HC are the result of deterministic selective pressures that come
into play during hydrologic exchange. It seems likely that the broad range of physiol-
ogies in the RBS and PZS communities means they have the potential to take advan-
tage of frequent shifts in prevailing biogeochemical conditions, such as changes in OC
supply and attendant shifts in redox conditions. By comparison, the GWS had a less
diverse range of physiologies represented and was likely adapted to relatively stable
in-shore biogeochemical conditions. In light of these observations, one might hypoth-
esize that hyporheic zone (including riverbed) communities are more resilient to
environmental perturbation than those in more stable groundwater systems. Further
studies in HC environments such as the Hanford 300 Area are required to assess the
relationship between environmental stability and microbial community/biogeochemi-
cal resilience in large river ecosystems. In particular, the potential influence of coloni-
zation time on the response of attached communities to environmental perturbation
needs to be assessed over a range of time scales that encompasses those of the
perturbations, e.g., the large seasonal shifts in hydrobiogeochemical conditions that
are known to take place in the Hanford Reach of the Columbia River (15, 16) and
other large river ecosystems.

MATERIALS AND METHODS
Hanford 300 Area HC. The Hanford 300 Area site is located on the north side of the Hanford Reach

of the Columbia River, a ca. 80-km free-flowing section of river below Priest Rapids Dam. At this location,
the Columbia River flows through Pleistocene flood gravels of the Hanford Formation which are
underlain by Miocene-Pliocene fluvial and lacustrine sediments of the Ringold Formation (70). The
Hanford Formation sands and gravels have a high conductivity, and daily power generating operations
at the Priest Rapids Dam can cause river stage fluctuations of �3 m within a 6-h period (71) and common
vertical fluctuations of �1.5 m in a 24-h period (72). Larger seasonal changes in river stage can cause river
water intrusion for extended periods of time, extending far into the groundwater zone traveling through
underground areas of high conductivity known as paleochannels (73–75) (see Fig. S1 in the supplemental
material). Because the river stage is almost always changing, the Hanford Reach HC is extensive and
dynamic, with groundwater and river water mixing zones constantly changing spatially and temporally.

In situ sand pack incubation. Sand pack microcosms were constructed using approximately 80 cm3

of Hanford Formation medium-grade sand (Central Pre-Mix, Pasco, WA) in a modified 2 in. by 4.5 in. 18
mesh (1 mm) stainless steel infusers (R.S.V.P. International, Inc.) plugged with Pyrex fiber glass (Corning,
Inc.). The sand packs were combusted at 450°C for 8 h to remove any OC and to render them sterile.
Sterile sand packs were incubated in situ for a 6-week period in three distinct locations (habitats) within
the Hanford 300 Area corridor (see Fig. S2): (i) within inland groundwater zone well 2-32 (screened within
the upper 15 m of the Hanford Formation) located ca. 200 m from the north edge of the river (denoted
groundwater sand [GWS]), (ii) within hyporheic zone piezometer P3 in the riverbed (screened over the
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upper 2 m of sediment) ca. 5 m from the river edge (denoted piezometer sand [PZS]), and (iii) just below
riverbed surface, a few meters from the river edge (denoted riverbed sand [RBS]). The photos in Fig. S4
illustrate the 300 Area near-shore environment, including the placement of piezometer T3 and the
gravel-covered riverbed. The GWS and PZS packs were incubated in a vertical array attached to stainless
steel cable. The RBS packs were contained within perforated (1 mm holes) stainless steel tubes, which
were subsequently emplaced within a shallow (ca. 10-cm deep) trench dug into the riverbed and covered
by a layer of riverbed gravel to prevent illumination. Periodic visual observation indicated that the tubes
remained covered during the incubation period. The RBS packs were placed at an elevation below the
seasonal low water level and remained under water throughout the colonization period.

Based on continuous (hourly) measurements of specific conductivity (SpC) in the groundwater well
compared with that of river water (see Fig. S5), river water did not intrude into the groundwater well
during the in situ sand pack colonization periods. Thus, the GWS microbial communities were not
influenced by exposure to intruded river water during in situ colonization. This was important to the
experimental design, because it ensured that any response of GWS microbial communities to experi-
mental fluid source manipulation was not confounded by fluid source changes during in situ incubation.
In contrast to the groundwater well, the piezometers experienced frequent changes in SpC because of
river stage-driven flow reversals and associated river water-groundwater mixing (Fig. S4).

Water sampling. Groundwater was collected from Hanford 300 Area well 2-32, and RW was collected
adjacent to Hanford 300 Area piezometer P3. The fluids were collected on the same day that the sand
packs were retrieved after their 6-week in situ incubation period. A peristaltic pump connected to
0.22-�m polyethersulfone Sterivex filters (Millipore Corp.) was used to collect water. Approximately 2
liters of fluid was passed through the filter prior to sample collection. The fluids were collected and
stored in sterile acid-washed Nalgene 2-liter Teflon fluorinated ethylene propylene (FEP) bottles (Thermo
Fisher). Testing showed that the containers did not leach significant amounts of DOC. All water feedstock
solutions were stored at 4°C and measured for DOC at each time point to ensure no loss of DOC during
storage. Although no loss of DOC was observed, we did not monitor the composition of the DOC or
check for bacterial growth.

Colonized sand incubation experiments. A conceptual overview of the colonized sand incubation
experiments is provided in Fig. S3. Two replicate cross-feeding experiments were conducted with sand
pack materials that were colonized in situ during September/October of 2014 or July/August of 2015.
After the in situ colonization period, sand packs were retrieved and stored at 4°C. In the laboratory,
replicate sand packs of each type were homogenized at room temperature. For cross-feed experiment
1 (CF1), 100-g portions of wet sand were placed in sterile (autoclaved) 150-ml glass jar reactors. The
second cross-feed experiment (CF2) was conducted with 50-g portions of wet sand. Most of the reactors
were prepared in triplicates, with a few in duplicates. Reactors were loosely capped but not sealed to
allow for an aerobic environment and stored in the dark. Feedstock solutions consisted of filter-sterilized
(0.2 �m) groundwater (GW), river water (RW), artificial river water (ARW), and artificial groundwater
(AGW). The ARW and AGW compositions matched the inorganic contents of their natural counterparts
but did not contain any DOC. A 30-ml volume of feed stock solution was added to each reactor at the
start of the experiment. At evenly spaced time points over a 5- to 7-week period, all of the fluid phase
was extracted with a carbon-free glass pipette and analyzed for DOC concentration determination. After
fluid phase extraction, the sand was homogenized using a sterile metal spatula and weighed subsamples
(0.5 to 1.5 g) were collected for ATP biomass, resazurin reduction, and 16S rRNA gene amplicon
sequencing (see below). Reactors were then provided with fresh feed solution and stored in the dark at
room temperature until the next sampling point. The volume of fluid added to the reactors decreased
by 2 ml at each sampling point to maintain a constant sand-to-water ratio relative to the amount of sand
left in the reactor.

A third experiment, denoted desorption/cross-feeding (DCF), was conducted in March/April 2015 to
test if DOC released from riverbed sediment or RBS packs could influence microbial biomass, respiratory
activity, and community structure. The concept underlying the DCF experiment was that deposition/
accumulation of OC at the riverbed surface could lead to the release of DOC that could subsequently
move into the HC and stimulate microbial metabolism during periods of groundwater intrusion, which
happens on a daily basis in the Hanford 300 Area (Fig. S5). Sand types and incubation techniques were
identical to those of the cross-feed experiments. The feed stock solutions used were river sediment
desorbed DOC (denoted Sed DOC), RBS desorbed DOC (denoted RBS DOC), RW, and ARW. Desorbed DOC
was obtained by adding 500 g of river sediment or RBS pack material to 500 ml of ARW. The sediment
or sediment slurries were vortexed gently for 30 s and allowed to settle for 24 h at 4°C. After settling, the
fluid phase was removed and passed through a GF/F filter (Whatman) to remove particulates. We
assumed that by maintaining the slurries at 4°C (10 to 15°C lower than in situ temperatures), most of the
released DOC came from desorption as opposed to microbial attack on particulate organic carbon (POC)
in the sediment or sand. The released DOC solutions were stored at 4°C and tested at each time point
to ensure no loss of DOC content throughout the duration of the experiment.

Analytical methods. A detailed description of the analytical methods employed in this study is
provided in Text S1. Briefly, DOC concentrations were determined with a high-temperature combustion
carbon analyzer. ATP content and resazurin reduction were used as measures of microbial biomass and
aerobic respiration, respectively. Recent studies have demonstrated the utility of resazurin reduction to
assess aerobic respiration as a function of microbial biomass and community composition in stream and
HC environments (16, 76). The LMM package in R (77) was used to analyze the biomass and respiration
data. DNA was extracted from sand microcosm samples using standard commercial kits as previously
described (32). 16S rRNA gene amplicon libraries (107 total) were generated using the 515F-806R
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universal prokaryotic primers (78). The amplicons were sequenced on an Illumina MiSeq instrument at
Pacific Northwest National Laboratory. The sequences were processed through the QIIME pipeline (79).
The software package Primer (version 7.0) was used for NMDS analysis of microbial community com-
position and for ANOSIM comparisons of community compositions among different reactor treatments.
Dried colonized sand materials were examined using a Hitachi S-3400 variable pressure SEM.

Accession number(s). Raw sequence data have been deposited in the NCBI Sequence Read
Archive (SRA) under accession numbers SAMN07191787 to SAMN07191821 (CF1), SAMN07191822 to
SAMN07191859 (CF2), and SAMN07191860 to SAMN07191893 (DCF).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00260-17.
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