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Abstract
The e�uents of wastewater treatment plants (WWTPs) represent a complex mixture of nutrients and
toxic substances, thus, the potential exists for the e�uents to signi�cantly impact the biochemical
characteristics and bacterial communities of the receiving water. We examined spatial and seasonal
patterns, and the impact of e�uents on microbial biomass, bacterial community structure, and metabolic
diversity on a fourth-order stream. We took triplicate sediment samples at �ve different locations along a
5,000m transect over three sampling periods. We quanti�ed bacterial community structure as community-
level physiological pro�les and biomass with phospholipid phosphate analysis. Our �ndings highlight the
worrisome impacts of e�uents on microbial biomass and bacterial metabolic diversity on the receiving
water. Microbial biomass was signi�cantly higher at the WWTP outfall compared to upstream and
downstream sites and correlated positively with sediment physicochemical parameters. Furthermore, our
data revealed signi�cant spatial differences in bacterial community structure in the context of WWTP
impact. High nutrient availability (lower carbon/nitrogen ratios) at the outfall increased site-speci�c
bacterial metabolic diversity in winter but decreased the same in fall. Seasonal changes in the
sedimentary microbial biomass and bacterial carbon substrate utilization were evident regardless of the
spatial variations or impacts of the wastewater e�uents. Communities in fall showed more versatile
substrate utilization patterns than the winter communities. These results suggest that WWTP e�uents
signi�cantly increased microbial biomass and highlight its mixed effects on bacterial community
structure and metabolic diversity. Also, our data underscore a close association between sedimentary
physicochemical parameters and the associated microbial functional activities.

Introduction
Anthropogenic disturbances such as wastewater treatment plant e�uents, irrigation with treated
wastewater, heavy metals pollution, agricultural uses of antibiotics, pesticides, and fertilizers have
considerable impacts on the biotic properties of natural aquatic ecosystems, especially microbial activity
and processes (Englert et al. 2013; Kunhikrishnan et al. 2017), biomass (Wang et al. 2007a), and
community structure (Dang et al. 2019; Guo et al. 2019). Wastewater treatment plant (WWTP) e�uents
are considered as one of the major sources of nutrient and micropollutants (Bueno et al. 2012) for
aquatic ecosystems, for instance, e�uents introduce large amounts of ammonia to the environment, and
ammonia-oxidizing bacteria was shown to be able to escape the WWTP and grow far downstream in an
aquatic environment (Cebron et al. 2004). Moreover, WWTP e�uents have been shown to moderate
microbial metabolic pro�les and biomass downstream of their e�uents (Lu and Lu 2014; Tao et al. 2017;
Tiquia 2010; Wang et al. 2017), and the amount of e�uents released into an aquatic environment can
also impact biodiversity; low amounts of WWTP e�uents increased biomass, but deceased biodiversity
while high amounts of WWTP e�uents increased biodiversity but decreased overall biomass (Tao et al.
2017).

In most developed countries, progress in WWTP processes removes the majority of solid organic matter
as well as nitrogen and phosphorus, however, biochemical parameters of e�uents are in stark differences
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to that of the water in the receiving lotic system.  Moreover, chemicals of emerging concern such as
human steroid hormones, pharmaceuticals (e.g. antibiotics and antidepressants), and personal care
products that WWTPs were not designed originally to remove, are washed down sink drains and enter
municipal wastewater systems and have been detected in surface waters around the world (Khan et al.
2019; Sabri et al. 2020). Spatial variations in microbial biomass and functions are thus expected in
sediments downstream of the WWTP e�uents compared to unaffected natural sediments upstream
(Drury et al. 2013). In fact, Wakelin et al. (2008) reported the effect of the WWTP e�uents on
microbiological characteristics for more than 1 km downstream.

Microbiota in the temperate biome are exposed to stark seasonal changes in their physicochemical
environments, thus, it is not unexpected that microbial community structure might also vary between
seasons. Previous studies have demonstrated seasonal variation in the streambed microbial community
and functions, and these variations are commonly attributed to key drivers of ecosystem change, such as
moisture content, temperature, dissolved oxygen, and organic nutrient content (Autio 1998; Olapade and
Leff 2004; Hullar et al. 2006; Zeglin 2015). Other variables such as storm frequencies, cation/anion
concentrations, quantity, and quality of allochthonous and autochthonous inputs that directly in�uence
stream microbial communities have not been well circumscribed (Gremm and Kaplan 1998; Sabater et al.
2000; Mosher and Findlay 2011). Also, much is still unknown about the relative importance of
seasonality and spatial heterogeneity in predicting microbial community structures that are impacted by
anthropogenic perturbations.

The fast response and sensitivity of microbial biomass, community structure, and metabolic activity to
perturbations contribute to the fact that microbial parameters are useful indicators for the assessment of
ecosystem integrity (Schloter et al. 2003). Several studies have been conducted on stream microbial
communities using molecular tools (Araya et al. 2003; Böckelmann et al. 2000; Manz et al. 1998),
however, studies on bacterial metabolic diversity and their link to e�uents are few.  For instance, Harbott
and Grace (2005), reported increased importance of peptides as a carbon source for heterotrophic
bacteria in urban streams compared to a more diverse range of carbon sources in less-urbanized
streams. In another study, Tiquia (2010), showed that river heterotrophic microbial populations utilized
carbohydrates, polymers, and phenolic compounds more frequently in the spring, and carboxylic acids
and amino acids in the summer.   One approach to monitoring changes in the microbial communities and
metabolic diversity is by physiological pro�ling with EcoPlate™ (Biolog, Inc.), which is designed for the
investigation of environmental samples. This is a quick and sensitive assay to characterize the
metabolism of bacterial communities, referred to as the Community-Level Physiological Pro�le (CLPP),
and has been used to detect changes in microbial community physiological structures over time or
between different habitats (Nájera et al. 2020; Jałowiecki et al. 2016; Tiquia 2010).

In this study, we investigated microbial biomass measured by phospholipid phosphate, community
structure, and carbon substrate utilization patterns of the sedimentary bacterial communities, along the
Big Walnut Creek in Greencastle, IN. Our main goals were (i) to determine the potential of CLPP assay for
resolving the metabolic diversity of the stream sediments on temporal and spatial scales, and (ii) to
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elucidate a close linkage between the sedimentary physicochemical properties and the associated
microbial metabolic diversity and functional activities. Five sites along the Big Walnut Creek were
sampled to re�ect spatial differences in the context of WWTP impacts. These sites were sampled during
the fall (September and October) of 2019 and winter (February) of 2020 to re�ect seasonal differences.
Our data demonstrated signi�cant seasonal changes in the sedimentary microbial biomass and bacterial
community structure regardless of exhibited spatial variations associated with the impact of WWTP
e�uents.

Materials And Methods
Site description and sediment sampling

Big Walnut Creek (BWC), a tributary of the Eel River �ows through the town of Greencastle, approximately
90 km west of Indianapolis, IN (USA), and receives tertiary-treated level (UV system) e�uents from the
Greencastle municipal WWTP. The WWTP services a population of approximately 11,000 people from the
towns of Greencastle and Fillmore, Indiana. The creek is a 4th order stream that drains most of Putnam
County. BWC �ows through an area largely cleared of native vegetation and used mainly for agriculture
(Fig.1). The riparian vegetation is limited to a fringe of trees and shrubs along the banks. Approximately
30% of the banks along BWC were exposed to moderate to severe erosion (Gammon 1994) and adjacent
lands are periodically �ooded. The monthly mean discharge ranged from 425.4 to 0.36 m3/s for 2019,
and the base stream�ow is highly variable between seasons. In addition, BWC is muddy when it rains. Of
cultural and historic signi�cance are the several covered bridges (e.g. Dunbar Covered bridge, Oakalla
Covered bridge, Houck Covered bridge, and Huffman Covered bridge) which cross the stream at different
locations.

Sediment samples were collected each on September 3,  and October 29, 2019, and February 26 2020 at
�ve stations along a 5,000 m-transect of the BWC. Triplicate sediment samples were collected at two
locations upstream of the WWTP outfall, one at the WWTP outfall, and two locations downstream of the
WWTP outfall, as described below. Samples were collected (1) at Dunbar Covered Bridge (DCB) �anked at
a side by corn-soybean rotation �eld, which was located approximately 1660m upstream of the outfall
(inferred as an undisturbed reference site with respect to the outfall), (2) location approximately 50m
upstream of the outfall was referred to as WWU, (3) location at the WWTP outlet pipe i.e. near the meeting
of the WWTP e�uents and the BWC referred to as WWD, the e�uents runs over large cobbles and rocks
that extends back towards WWU, (4) location about 1420m downstream of WWD at DePauw University
Nature Park (NP) where the stream �ows through a small size fragmented eastern deciduous forest in the
park, and (5) location approximately 3340 m downstream of the WWD at Oakalla Covered Bridge (OCB)
with adjacent lands as agricultural �elds (Fig. 1). During the October sampling, we observed increased
inputs of allochthonous materials (falling leaves, twigs and algae streamers) along the sampling
transect.
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At each location, triplicate sediment composite samples were collected with a hand-held sterile (0.15m by
0.07m) stainless spoon sampler and lifted from the stream with minimal disturbance. Every single
composite sample consists of multiple sediment cores. Sediments in the top 2mm that were not washed
down were transferred with a sterile spatula to pre-labeled Whirl-Pak sampling bags and stored on ice
until delivery to the laboratory. Within four hours of sampling, sediments were transferred to a clean
plastic weigh boat, thoroughly homogenized, subsampled for microbial biomass, community-level
physiological pro�le, percent water content, and elemental analyses.

Physico-chemical parameters

The percent moisture content of the sediment samples was determined by the difference in mass after
oven drying at 110°C to constant mass. Water temperature and pH were taken directly in the �eld with a
Direct Soil Measurement pH Portable Meter (HANNA Instruments, USA). Samples for the total percent
carbon and nitrogen contents’ determination by direct combustion were sent to the Center for Applied
Isotope Studies, University of Georgia, USA, for analysis.

Total microbial biomass analysis

Microbial biomass was determined using phospholipid phosphate (PLP) analysis as described in
Akinwole et al. (2021). Brie�y, frozen sediment subsamples (approximately 7g) were extracted in the dark
at 4°C in 50-ml screw-cap tubes with 27 ml of a 1:2:0.6 (v/v/v) dichloromethane–methanol–50 mM
phosphate buffer (pH 7.4) solution. The solution was partitioned into organic and aqueous phases with
7.5 mL dichloromethane and 7.5 mL deionized water, the organic phase (containing total lipid) was
collected across a pre-dried 2V �lter (Whatman, Thomas Scienti�c) into 15-ml test tubes, and the solvents
dried under a stream of nitrogen at 37°C. After lipid extraction, sediment was collected in the �lter, dried at
100°C, and weighed. Total microbial biomass was determined as total PLP (Findlay et al. 1989). Total
lipid was dissolved in 2ml chloroform, and two replicate 100-ul portions per sample were each oxidized
with potassium persulfate at 100°C overnight in sealed glass ampoules to release orthophosphate.
Phosphate was reacted with ammonium molybdate and malachite green, and the phosphomolybdate–
malachite green complex was detected spectrophotometrically (610 nm). Concentrations of phosphate
were calculated by using the regression line from a standard curve prepared by digesting glycerol
phosphate.

Community-level physiological pro�ling (CLPP)

CLPP based on sole-carbon substrate utilization (Garland and Mills 1991; Preston-Mafham et al. 2002)
was performed using 96-well Biolog® EcoPlates (Biolog Inc., Hayward, CA). The EcoPlate has three
replicated wells of 31 of the most useful carbon sources for soil community analysis, including amino
acids, amines/amides, carbohydrates, carboxylic acids, and polymers. We mixed and agitated
homogenized 2g of soil in 18ml of Remel™ Butter�eld's Phosphate Buffer. Then, the suspension was
diluted at 10-3 and 150 μl of this latter was inoculated to each well in the EcoPlate. Three wells contained
sterilized water to serve as controls. EcoPlates were incubated under aerobic conditions at 27º C and
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Optical Density (OD) at 590 nm measured using a plate reader μQuant (BIO-TEK Instruments, Inc) daily
for 7 days. The metabolic activity of the sediment microbial community was calculated according to the
average well color development (AWCD). It was de�ned as the arithmetic average of the absorbance
values for each substrate (Harch et al. 1997),

AWCD = Σ(Ci−R)/n,

   where Ci is the absorbance of the carbon-source,

   R is the absorbance of the control well

   and n is the number of carbon substrates (31 for EcoPlates).

When Ci−R <0, the values were set to 0 to minimize bias. AWCD indicates the total metabolic capacity of
sediment microbial communities in terms of carbon-source utilization. The OD values for data evaluation
and comparisons were used at 120hr since these represented the optimal range of OD readings in our
study (Gryta et al. 2014; Nagy et al. 2013).

Shannon diversity index (H) and Evenness (E) were calculated using an OD of 0.25 as the threshold for a
positive response. Shannon diversity index (H) and Evenness (E) are de�ned as H =−ΣPi ln(Pi) and E =
H/Hmax = H/ln S, respectively, where Pi = ODi/ΣODi, which is the proportional color development of the
well over total color development of all wells of a plate and S is the number of oxidized C substrates
(Muñiz et al. 2014; Garland and Mills 1991).

Statistical analysis.

Two-way analysis of variance (ANOVA) with sampling time (season) and the site as factors, followed by
Tukey's highly signi�cant difference (HSD) as a post hoc test for comparison of means was performed
for H-index and total microbial biomass. Principal components analysis (PCA) (IBM SPSS Statistic,
version 26) was used to determine differences between community-level physiological pro�les across
sites and seasons. PCA to analyze CLPPs was performed on normalized and log-transformed
absorbance data for each well. Sediment samples from different seasons and sites were considered
independent because samples were collected at least one-month intervals, never collected from exactly
the same spot (see sample collection above), and supposed to re�ect ambient conditions in time and
space. Two-way ANOVA followed by Tukey's HSD as a post hoc test was used to analyze the effect of
site and season on the major parameters determined for the BWC. Assessing the utilization pro�les
involves grouping the 31 carbon sources into 5 guilds according to Weber et al. (2009), and assessing
changes in the percent guild utilizations over the study period. Essentially this method compresses the
31-dimensional space of anyone plate into 5 dimensions to facilitate simple plotting and interpretation. A
heat map was generated and 3-way ANOVA with sampling time (season), guild, and the site as factors,
followed by Tukey's HSD as a post hoc test for comparison of means was performed for carbon
utilization pro�les. Shannon diversity and evenness indexes were compared by two-way ANOVA. Best

https://www.zotero.org/google-docs/?kEcrwL
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subsets regression analysis and analysis of variance (ANOVA) were performed using the StatPlus for
Mac program (AnalystSoft Inc.).  Tests of signi�cance were considered statistically signi�cant at p values
of <0.05 or <0.01.

Results
Physico-chemical parameters

Table 1 shows the measured microbial biomass, H -index, and physicochemical parameters across the
�ve sites studied for each sampling date. Temperature varied signi�cantly with season (F = 9590.7, p <
0.001) and sampling sites (F = 12.33, p < 0.001) (Table 2). Mean temperatures were 23.4 oC, 12.9 oC, and
2.3 oC in September and October 2019 and February 2020, respectively.  In addition, post hoc comparison
among sampling sites indicated that temperature was generally higher at WWTP outfall (WWD)
compared to other sites with the exception of September samples (Table 1). pH did not show signi�cant
variations seasonally or by sites (data not shown). Percent moisture content varied from 21.30% (in
February 2020) to 69.84% (October 2019) with signi�cant seasonal difference (F = 7.95, p< 0.05) (Table
1). Tukey HSD further revealed signi�cant differences between WWD vs NP and OCB, and DCB vs NP and
OCB (p < 0.05). C/N ratios were measured to determine if nutrient concentrations in downstream water
were more similar to the WWTP outfall or upstream water. C/N ratio was signi�cantly different seasonally
(F = 24.25, p < 0.001) and spatially (F = 3.56, p < 0.031). C/N ratios were generally lower at the WWD site,
and the further away from the outfall, the higher the C/N ratios measured in February 2020 and
September 2019, with the exception of OCB (Table 1 and 2). Both percent Nitrogen and Carbon contents
were signi�cantly different seasonally and spatially and showed signi�cant interactions between
seasons and sites (Table 2). Overall, mean values of both percent Nitrogen and percent Carbon contents
followed a general order of February 2020 < September 2019 < October 2019. Post hoc comparison
among sampling sites indicated that in general both percent Nitrogen and Carbon contents were higher at
WWD compared to DCB, NP, and OCB sites (Table 1).

Total microbial biomass and physico-chemical parameters

Total microbial biomass, measured as total phospholipid phosphate, ranged from 1.3 (in February 2020)
to 113.6 (October 2019) nmol PLP g−1 dry wt sediment (Fig. 2). Total microbial biomass showed
signi�cant seasonal difference (p < 0.001) and longitudinal patterns along the BWC (p < 0.001) (Table 2).
The results of the two-way ANOVA (Table 2) demonstrate signi�cant effects of site and sampling date on
microbial biomass. Microbial biomasses were signi�cantly lower during the winter season (Fig. 2) and
coincided with the lowest water temperatures and percent moisture content (Table 1). Microbial
biomasses were higher in the late fall/October 2019 (Fig. 2) and coincided with the warm temperature,
higher percent moisture content, and allochthonous inputs.  Also, microbial biomass was signi�cantly
greater at the WWD site, and the further away from the outfall, the lower the biomass measured.
Temperature, percent Nitrogen content, percent Carbon content, and C/N ratio were used as predictor
variables to analyze relationships between natural log-transformed (ln+1) microbial biomass and these
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physicochemical parameters. In Table 3, the best subset regression analysis indicated that total percent
Nitrogen content provided the best single variable model explaining the variation in total sedimentary
microbial biomass (adjusted r2 = 0.66, p < 0.001). However, a combination of total percent Carbon
content, percent Nitrogen content, C/N ratio, and temperature (model 4) best explained the observed
variation in the microbial biomass (adjusted r2 = 0.75, p < 0.001).

Community-level physiological pro�ling (CLPP)

PCA presented in Fig. 3 was done based on adjusted and log-transformed AWCD. PCA of the AWCD
revealed a strong seasonal pattern in bacterial community structure in the BWC sediments. PC 1
accounted for 50% of the total variation and PC 2 explained another 10%.  According to PC 1, explaining
the greater variance of the original data, samples from February (colder water temperatures) had zero to
negative component scores (with the exceptions of OCB samples), while samples from September and
October (warmer water temperature) had positive component scores. In order to further investigate spatial
variability in bacterial community structure and exclude the effect of seasonality, PCA was conducted on
bacterial physiological pro�les during the period of cold water (edited to remove samples collected in
warmer water) and during the period of warmer water (edited to remove samples collected in cold water)
(Fig. 4). For the period of cold water, the samples formed three clusters (labeled I, II, and III) of bacterial
community structure in the BWC sediments (Fig. 4a). Samples from NP formed one cluster and had
negative PC 1 and PC2 component scores that were enriched in carbon substrates D-Glucosaminic acid,
and D-Galactonic acid-γ-lactone, these carbon substrates belong to the Carboxylic & Acetic acids guild.
Samples from DCB formed the second cluster and had positive PC2 component scores that were
enriched in carbon substrate L-Asparagine (amino acid), Tween 40 (polymer), and D-Galactyronic acid
(Carboxylic & Acetic acids). The third cluster consists of samples from WWD, WWU, and OCB and had
positive PC 1 component scores enriched in Glycogen (polymer), α- Cyclodextrin (polymer), L-
Phenylalanine (amino acid), Glucose-1-phosphate (Carbohydrate), Putrescine (Amines & Amides),
Phenylethylamine (Amines & Amides) (see Table S1 for PCA component loadings). However, within the
third cluster, distinct bacterial communities are discernable based on location, for example, samples from
WWU are dissimilar from OCB. Figure 4b showed the bacterial community structure for the period of
warmer water and PC1 showed that bacterial community composition displayed no consistent
longitudinal variation among sites within a sampling period. Rather for some sites, for instance, WWD, the
three replicate sample cores showed nearly identical bacterial community structure (dashed squares. Fig.
4b), while for other sites (DCB in October, and OCB in September) the three replicate sample cores differed
greatly in bacterial community structure (dashed sphere. Fig. 4b). Bacterial community composition from
September samples was further separated from October samples along PC 2, as September samples had
negative component scores while October samples had positive component scores. The results of the
Best Subsets regression analysis showed that percent Nitrogen content explained approximately 40%
(Table 3, Model 4) of the variation in total sedimentary bacterial community structure (PC1). Combined,
temperature, sediment percent Carbon content, percent Nitrogen content, and C/N ratio explained
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approximately 60% of the variation observed in bacterial community structure in the BWC sediments
(Table 3, Model 4).

Carbon source utilization

Bacterial metabolism �ngerprint refers to the ability of bacteria to utilize different carbon sources on
Biolog Ecoplates.  The heatmap analysis was used to intuitively show the pattern of different carbon
substrate metabolism of bacterial communities appearing across sites per season (Fig. 5).  The results of
the heat map showed that the AWCD values were signi�cantly higher in September and October
compared to February indicating that the density and the activity of streambed bacteria were signi�cantly
higher during the period of warmer water than the period of cold water. Overall, carbohydrates and
polymers were preferred carbon substrates utilized by the bacterial community in the fall (see Table S2
for PCA component loadings). Fig. 6 presents the percent of total carbon source utilization for each guild
(see Table S3 for guild groupings) as a functional diversity in this study. In general, utilization patterns of
the �ve guilds varied signi�cantly across seasons (F= 113.25, p < 0.0001) as shown in Fig. 5, and among
sites (F = 32.79, p < 0.0001) and within guilds (F= 5.50, p < 0.001) (Table 4). The results of the three-way
ANOVA (Table 4) indicated signi�cant effects of season and site on bacterial carbon utilization but no
signi�cant effects of season and guild, site and guild, or the combination of season, site, and guild.
Speci�cally, carbon substrates were least utilized by the bacterial community at the NP site compared to
WWU and WWD sites in February (Fig 5, Table 4). Carbon substrates were equally utilized at WWD and
OCB sites (Table 4). Generally, carbohydrates (range: 21 - 32%) were utilized more than amino acids
(range: 16 - 26%) and amino acids were utilized more than polymers (range: 12 - 16%) or amide and
amines (range: 3 - 8%). Also, carboxylic acid and acetic acid (range: 27 - 47%) were utilized more than
polymers (Fig. 6, Table 4).

Shannon diversity index and evenness index

The mean values of the diversity of the bacterial communities calculated as the Shannon diversity index
(H) ranged from 2.24 –3.38 (Table 1). Differences among seasons were signi�cant as there was high
diversity during the period of warmer water than during the period of cold water (F = 5.64, p < 0.005). At
the site level, differences in H-index reached only marginal signi�cance (F = 2.47, p < 0.065) as the post-
hoc test further showed that NP is signi�cantly different from WWD, WWU, and OCB (p < 0.05) in
February. In the case of Evenness, there were no signi�cant differences among seasons and across sites
(data not shown).

Discussion
Spatial and seasonal variations in microbial biomass

The sedimentary microbial biomass and bacterial community structure of BWC exhibited spatial
variations associated with positioning from the WWTP outfall and a temporal pattern associated with
seasonal differences. Notably, the further away (upstream and downstream) from the outfall, the lower
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the biomass measured, and the higher the C/N ratios except for the OCB site in October when increased
inputs of allochthonous materials might have obscured the effects of the WWTP e�uents. Singularly to
this observation, Wakelin et al. (2008) reported that the microbial biomass was highest at the most-
downstream sampling location, however, eutrophication was recorded at that site. Thus, our results, that
total microbial biomass correlated positively with both sediment organic nitrogen and carbon, and C/N
ratio suggests that the decreased C/N ratio at the WWTP outfall (compared to the other sites) implies
high mineral Nitrogen availability. This increase in the total amount of soluble nitrate-N at the outfall was
matched by an increase in microbial biomass. These �ndings indicated that the wastewater e�uents had
signi�cant impacts on microbial biomass and activities of microbial communities and that these impacts
are mediated through changes in the quality of carbon substrate and increased mineral N availability.
Magesan et al. (2000) reported the largest increase in microbial biomass when low C/N ratio wastewater
is applied to experimental soil. Our data supported other studies as well that demonstrated increases in
microbial biomass and activity in systems receiving wastewater (Button et al. 2015; Ma et al. 2015).
Moreover, Aristi et al. (2015), reported that WWTP e�uents can act as a subsidy promoting biomass and
microbial communities, which can use dissolved nutrients and organic matter.

It was very surprising that despite elevated levels of nutrients present at WWD, microbial biomass
decreased over a short distance downstream of the e�uent inputs. This may be a consequence of
attenuation, not simply dilution capacity, as shown by an increased C/N ratio at the NP site. For instance,
studies have shown that a load of phosphate and ammonium often shows downstream attenuation
(Elósegui et al. 1995; Von Schiller et al. 2008). Though it is likely that the ecological impacts of the WWTP
discharge would be less pronounced downstream of the outfall over a short distance, the effect of the
disturbance on the longer-term ecological function (such as litter decomposition) of the stream is not
clear.

Our data revealed some of the key drivers controlling temporal variation in microbial biomass in the
stream ecosystem. We observed an increase in biomass from September 2019 to October 2019 and a
signi�cant decline in February 2010 in synchronous declines with percent water content and temperature
from September/October 2019 to February 2020, patterns that were likely linked to overall carbon and
nitrogen �ow through the stream ecosystems. The seasonal variations in microbial biomass at these
sites appeared to be driven, at least in part, by total percent Carbon content, percent Nitrogen content, C/N
ratio, water temperature, and percent moisture content. These factors are recognized as important
environmental constraints of sedimentary microbial biomass (Findlay et al. 2002, Wang et al. 2007b). For
instance, high percent water content allows for nutrient and substrate transfer between sediments and
provide a means by which microorganisms can move to more favorable locations, thus, playing an
important role in structuring soil microbial communities (Treves et al. 2003). We observed approximately
a 3-fold increase in microbial biomass in October 2019 compared to September 2019. In larger and urban
streams, abundant sunlight from the limited riparian canopy, cooler water temperatures, increased
allochthonous inputs and elevated nutrient concentrations can lead to high streambed microbial biomass
and activity as we observed in fall (Ben�eld 1997; Suberkropp 1997; Artigas et al. 2009; Tank et al. 2010).
The differential sensitivity of microbial biomass to allochthonous input implies that microbial metabolic
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processing in streams will vary dramatically over time if the abundance of allochthonous inputs is highly
variable. This has important implications for watershed management since any anthropogenic activity
that accelerates the delivery of terrestrial dissolved organic matter into headwater streams could have
pronounced effects on microbial biomass and activities (Akinwole et al. 2021).

Spatiotemporal variation and carbon utilization patterns in bacterial community structure

Functional diversity understood as the utilization of carbon sources (in Biolog EcoPlates) in this study,
showed distinct variations between bacterial communities in reference to the outfall samples. PCA
analysis of studied sites showed three clusters of winter samples. Group one consisted of bacterial
communities from NP (downstream of WWTP outfall) and displayed preferential metabolism for
carboxylic and acetic acids while cluster two consisting of DCB samples (upstream of WWTP outfall)
displayed preferential metabolism of carboxylic and acetic acids, amino acids, and polymer. This less
functional diversity at NP and DCB correlates with low H- index value at NP and DCB (Table 1). The
samples from the third cluster consisting of bacterial communities from WWU (above WWTP outfall),
WWD, and OCB (3340 m downstream the WWTP outfall), were characterized by higher utilization of a
wider range of carbon sources including polymer, amino acids, carbohydrate, and amines and amides
with AWCD values signi�cantly higher than the samples from other two sites. Moreover, the higher H-
index values from the third cluster imply higher functional diversity at these sites. Similarities of both
WWU and WWD sites might be as a result of the proximity of these sites due to hyporheic exchange and
turbulent mixing (Battin et al. 2003) with respect to the presence of large cobbles at the WWD study site.
Land use pattern may be an alternative proximate cause for the observed high diversity in bacterial
community structure at OCB since this site is located within pasture/hay and cultivated cropland (Fig.1).
The disturbance (i.e. impacts of e�uents) caused to sediments at WWTP outfall may create conditions
of greater habitat heterogeneity and increased nutrient load than elsewhere along the creek and allowed
the development of greater metabolic diversity observed.

In contrast to winter samples, in fall we did not observe distinct spatial variations but rather sediments
from WWD sites showed substantially greater similarity in bacterial community composition than
sediments from other sites (Fig. 4b).  Urakawa et al. (2013) demonstrated that the detected variability
among the environmental samples was not due to technical errors or poor reproducibility of CLPP
methods, but rather by the community-level heterogeneity in the analyzed microbial samples. Thus, our
observation indicates that toxic substances (such as pharmaceuticals) might be present in WWTP
e�uents, and these may have inhibited bacterial diversity at WWD sites compared to other sites in the fall
(Nega et al. 2019). This explains the complexity in predicting the overall effect of WWTP e�uents on
stream bacterial metabolic activities and diversity. For instance, in Aristi et al. (2015) study that examined
whether WWTP e�uents were a subsidy or stress for river ecosystem functioning reported that the
e�uents produced mixed effects (evidence of WWTP e�uents acting as both a subsidy and as a
stressor) at the bio�lm scale and ecosystem-scale metabolism.  However, we cannot neglect that stream
ecosystems as dense networks can experience a broad suite of coupled physicochemical and ecological
processes that strongly in�uence microbial community structure and ecosystem functioning (Battin et al.
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2016). The effects of WWTP e�uents on microbial community structure have been observed in other
studies (Wakelin et al. 2008; Nega et al. 2019; Drury et al. 2013) as well.

Seasonal changes in the sedimentary bacterial community structure were evident regardless of the
spatial variations or anthropogenic disturbance (wastewater e�uents). PCA revealed the seasonal
pattern in BWC microbial community structure, and variations in the drivers of ecosystem change such as
percent moisture content, temperature, and C/N ratios supported the PCA �ndings. Our study extends
other reported shorter-term and annual cycle studies of seasonal variations in microbial communities
(Smoot and Findlay 2001; Brummer et al. 2002; Sekiguchi et al. 2002; Feris et al. 2003; Oest et al. 2018).
In winter, which showed the lowest percent moisture content and water temperatures, the catabolic
activities of the bacterial communities in sediments across all sites decreased. For example,
Amine/Amide (Putrescine, Phenylethylamine) and Amino acids (L-Threonine, L-Phenylalanine) were
preferentially utilized in the fall, but the degradation ability was weak in winter. Similar results were found
by Oest et al. (2018) who reported a decreased use of amino acids and amines and continued slight use
of carbohydrates by microbial communities in the winter. Overall, more substrates were utilized in fall
than in winter, and polymers and carbohydrates were the most intensively used carbon substrate
categories by the bacterial community in the fall sample (Fig. 5, Table S3). Our data further support
studies in metabolic capabilities of sedimentary bacterial community and showed that carbohydrates
and or polymers are the preferred catabolic pathway and oxidation of many heterotrophic bacteria
(Rosenstock and Simon 2003; Tiquia et al. 2008; Oest et al. 2018).

Taken together, our data suggest that there are signi�cant spatiotemporal variations in microbial
functions and carbon utilization patterns that appear to be linked to observed variations in abiotic and
anthropogenic factors. However, future efforts should include detailed information on spatial and
seasonal changes in the abundance of speci�c microbial taxa, so that we can begin to understand the
metabolism of these groups and how they are linked to the larger ecosystem level.

Conclusions
In the present study, we investigated the spatial and temporal variations in the physiological pro�les of
streambed bacterial communities impacted by WWTP e�uents. In conclusion, our data show that WWTP
e�uent is a relevant source of nutrients once the wastewater e�uent is released into the river. WWTP
e�uents signi�cantly increased microbial biomass and modi�ed bacterial community structure and
diversity in several ways. The mixed effects of e�uents on microbial community structure stresses the
need for more studies to fully understand the impact of WWTP e�uents on river ecosystems and in the
designing of WWTP management plans. This study also indicates a close association between
sedimentary physicochemical parameters (temperature, percent moisture, and organic matter contents)
and the associated microbial functional activities. Seasonal and site-speci�c composition changes were
observed in the substrate utilization patterns of bacterial communities. Communities in fall showed more
versatile substrate utilization patterns than that of the winter communities. Physiological pro�ling of
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bacterial communities is thus crucial for a better understanding of the biodegradation potential of stream
bacterial communities as they differ in responses to a range of carbon sources.
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Tables

Table 1 Seasonal means (± SD) of the total microbial biomass, H-index, percentages of

organic carbon (%C) and organic nitrogen (%N) contents, C/N mass ratio, and

temperature of the Big Walnut Creek collected in 2019 (September and October) and 2020

(February).
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g
e

Site Biomass
(nmol PO4
gdw)

H-
Index

Temperature
(oC)

%N %C C/N
ratio

%
Moisture
Content

DCB 32.42 ± 2.00 3.38
±
0.03

23.51 ±
0.15

0.042
±
0.003

1.61 ±
0.24

38.30
± 2.72

46.57

WWU 23.81± 5.83 3.36
±
0.02

23.22 ±
0.01

0.025
±
0.001

1.19 ±
0.14

47.42
± 5.20

45.00

WWD 38.63 ± 5.50 3.39
±
0.01

23.35 ±
0.09

0.043
±
0.001

1.63 ±
0.14

37.73
± 2.16

39.52

NP 29.33 ± 2.60 3.28
±
0.13

23.74 ±
0.18

0.026
±
0.002

1.02 ±
0.08

39.62
± 0.71

33.36

OCB 31.25 ± 6.01 3.30
±
0.05

23.35 ±
0.01

0.034
±
0.002

1.49 ±
0.61

43.41
±
15.77

42.23

9 DCB 75.75 ± 2.09 3.36
±
0.04

12.90 ±
1.04

0.042
±
0.003

1.54 ±
0.12

36.57
± 0.46

61.62

WWU 84.54 ±
20.16

3.34
±
0.05

12.50 ±
0.30

0.062
±
0.003

2.51 ±
0.02

40.29
± 2.00

55.00

WWD 87.60 ±
25.07

3.38
±
0.04

13.97 ±
0.81

0.056
±
0.009

2.41 ±
0.11

43.18
± 4.83

69.84

NP 54.97 ± 2.34 3.26
±
0.23

12.60 ±
0.56

0.028
±
0.001

1.73 ±
0.15

61.74
± 1.94

30.00

OCB 113.59 ±
13.93

3.26
±
0.15

12.50 ±
0.26

0.038
±
0.002

1.17 ±
0.005

30.75
± 1.24

29.64

DCB 2.37 ± 0.45 2.82
±
0.08

1.07 ± 0.06 0.010
±
0.001

0.847
±
0.300

84.54
±
21.92

27.12

WWU 6.56 ± 0.49 3.27
±
0.02

1.50 ± 0.10 0.018
±
0.001

1.11 ±
0.03

60.44
± 0.27

23.21

WWD 16.27 ± 2.40 3.34
±
0.03

3.60 ± 0.20 0.019
±
0.001

1.07 ±
0.10

56.84
± 3.53

28.48

NP 1.28 ± 0.50 2.24
±
1.23

2.53 ± 0.25 0.011
±
0.004

0.72 ±
0.14

66.49
±
10.62

21.30

OCB 9.03 ± 1.02 3.22
±
0.15

2.87 ± 0.47 0.031
±
0.004

1.49 ±
0.26

47.35
± 2.28

25.33

Means corresponded to 3 values for microbial biomass, H-index, and temperature, and to 2

values for %N, %C and C/N ratio.
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Table 2 Results of 2 -way analysis of variance of the effects of the season (sampling dates)

vs. site on total microbial biomass (log-transformed), H – Index, and some physico-chemical

parameters of the Big Walnut Creek.
Parameter Factor df F p

Biomass (nmol PO4 gdw) Site 4 39.563 <0.001
Season 2 1003.486 <0.001
Site x Season 8 4.456 0.001

H-Index Site 4 5.640 0.065
  Season 2 2.470 0.008
  Site x Season 8 1.695 0.141

%N Site 4 26.297 <0.001
 Season 2 186.432 <0.001
 Site x Season 8 20.203 <0.001

%C Site 4 6.126 0.004
 Season 2 36.977 <0.001
 Site x Season 8 7.470 <0.001

C/N ratio Site 4 3.557 0.031
 Season 2 24.248 <0.001
 Site x Season 8 3.779 0.013

Temperature (oC) Site 4 12.331 <0.001
Season 2 9,590.704 <0.001

 Site x Season 8 6.586 <0.001

 

Table 3 The results of the Best Subsets regression analysis looking at the effects of 

independent variables: Temperature, %C, % N, and C:N ratio on sedimentary (log)

microbial biomass and bacterial community structure (PC1).
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Model/Number of variables  Independent variables: R R2

Microbial Biomass
1  %N 0.81 0.66**
2 %C, C:N 0.86 0.74**
3 Temperature, %C, C:N 0.87 0.75**
4 Temperature, %N, %C, C:N 0.87 0.75**

Community structure (PC1)
1  %N 0.63 0.39**
2 %C, C/N Ratio 0.71 0.50**
3 Temperature, %C, C/N 0.74 0.55**
4 Temperature, %N, %C, C/N  0.76 0.57**

** significant at P<0.001

 

Table 4 Results of three-way ANOVA looking at the effects of the season (sampling date),

site, and guild on the AWCD/bacterial carbon utilization.
Factors df F p post hoc (Fisher LSD)
Season 2 113.245 <

0.0001
Oct = Sept >Feb**

Site 4 32.791 <
0.0001

WWD=OCB, WWU=OCB, NP<WWU< WWD**,
DCB=WWU, NP<DCB<OCB=WWD**

Guild 4 5.502 <
0.0001

Carb >AA > Poly**, C&AA > Polymer**

Season x site 8 27.280 <
0.0001

DCB, NP (Feb vs Oct, Feb vs Sept**, Oct vs Sept
ns); WWU, WWD, OCB (season ns)

Season x
Guild

8 1.193 0.30 ns

Site x Guild 16 0.647 0.85 ns
Season x site

x Guild
32 0.766 0.82 ns

Abbreviations – AWCD: average well color development, Carb: Carbohydrate, AA: Amino

acid, Poly: Polymer, C&AA: Carboxylic acid and acetic acid, A&A: Amine and amides, ns:

not significant at level P < 0.05, ** significant at P<0.001,

Figures
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Figure 1

Sampling site locations and land cover classes along the Big Walnut Creek, Greencastle, IN. Locations:
DCB = Dunbar Covered Bridge, WWU = Wastewater Treatment Upstream, WWD = Wastewater Treatment
Downstream, NP = Nature Park, and OCB = Ocalla Covered Bridge.
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Figure 2

Box plot of seasonal change in sedimentary total microbial biomass at different sites along the Big
Walnut Creek measured by phospholipid phosphate method. Locations: DCB = Dunbar Covered Bridge,
WWU = Wastewater treatment upstream, WWD = Wastewater treatment downstream, NP = Nature Park,
and OCB = Ocalla Covered Bridge. Sampling Date: Sep = September 2019, Oct = October 2019, Feb =
February 2020. n=3 (p<0.001). The red line inside the rectangle indicate the mean of the sample
distribution. The upper and lower boundaries of each rectangle indicate the upper quartile and lower
quartile respectively. The upper and lower whiskers are the upper and lower extreme values respectively.
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Figure 3

Principal component analysis of 120-h OD590 readings taken from Biolog EcoPlates of the sedimentary
bacterial community structure of the Big Walnut Creek seasonal sampling site. The percentage in
parentheses after the principal components indicate the percentage of total variance explained by each
principal component. Scores are plotted by site and month. Se= September 2019; Oc= October 2019; Fe=
February 2020.
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Figure 4

Spatial variation in sedimentary bacterial community composition in the context of WWTP impact. a)
PCA analysis of bacterial physiological pro�les during the period of cold water: after removal of samples
collected in warmer water (Sept and Oct. 2019). b) PCA analysis of bacterial physiological pro�les during
the period of warmer water: after removal of samples collected in cold water (Feb. 2020). Dashed squares
indicate the relative variation in bacterial community structure of WWD stream sediments and dashed
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spheres indicate the same for OCB and DCB in September and October 2019 respectively. Scores are
plotted by site and month. Se= September 2019; Oc= October 2019; Fe= February 2020.

Figure 5

Heat map of carbon utilization patterns of 31 substrates from the Biolog EcoPlates based on the AWCD
of 120 h for stream sediment microbial communities across sites in different months. The score in a heat
map analysis represents the difference between the consumption of each sample for the same substrate.
The highest consumption (i.e. higher AWCD) can be identi�ed by a red color and the lowest consumption
(i.e. lower AWCD) by a green color.



Page 27/27

Figure 6

Percent of total carbon source utilization response, per site across sampling period at 120-h OD590 for
the different guilds — amines and amides (A&A), amino acids (AA), carboxylic and acetic acids (C&AA),
carbohydrates (Carb), and polymers (Poly).
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