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• Environmental isotopes were used to
estimate event water fraction in an
agricultural stream.

• High resolution GLUC measurements of
stream water were conducted on-site.

• Streambed and field sediments were
analyzed for E. coli and GLUC.

• Resuspended streambed sediments are
a significant source of fecal indicators.
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Understanding the fate of fecal pollution in the landscape is required for microbial risk analysis. The aim of this
study was to assess the patterns and dynamics of beta-D-glucuronidase (GLUC), which has been suggested as a
surrogate for fecal pollution monitoring, in a stream draining an agricultural headwater catchment. Automated
enzymatic on-site measurements of stream water and sediments were made over two years (2014–2016) to
quantify the sources and pathways of GLUC in a stream. The event water fraction of streamflow was estimated
by stable isotopes. Samples from field sediments on a hillslope, streambed sediment and streamwater were an-
alyzed for GLUC and with a standard E. coli assay. The results showed ten times higher GLUC and E. coli concen-
trations during the summer than during the winter for all compartments (field and streambed sediments and
stream water). The E. coli concentrations in the streambed sediment were approximately 100 times those of
the field sediments. Of the total GLUC load in the study period, 39% were transported during hydrological events
(increased streamflow due to rainfall or snowmelt); of these, 44% were transported when the stream contained
no recent rainwater. The results suggested that a large proportion of the GLUC and E. coli in the stream water
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stemmed from resuspended streambed sediments.Moreover, the results strongly indicated the existence of rem-
nant populations of GLUC-active organisms in the catchment.

© 2019 Published by Elsevier B.V.
Fecal pollution
Surface water
1. Introduction

Compared with nutrient fluxes, microbial fluxes in the landscape
have receivedmuch less attention from research andpolicy institutions;
however, their health implications can be enormous (Kay et al., 2007;
“Nutrients in the Nation's Waters: Identifying Problems and Progress,
USGS Fact Sheet FS218-96”, n.d., “WHO|Engaging with the water
sector for public health benefits,” n.d., “WHO|Water quality
assessments,” n.d., (Farnleitner et al., 2010; Reischer et al., 2011). The
high spatial heterogeneity of microbial sources and the complexity of
transport processes make the study of microbial landscape–scale fluxes
challenging. While laboratory experiments, such as column tests, have
significantly contributed to the theoretical understanding of microbial
transport (Harvey et al., 2010; Scholl and Harvey, 1992; Stevenson
et al., 2015;Wang et al., 2012), their time scales tend to bemuch shorter
than those of microbial processes in the landscape driven by hydrolog-
ical processes. Prior research on E. coli in stream water has typically fo-
cused on individual events (Jamieson et al., 2005; Kim et al., 2010;
Pandey et al., 2012;Wilkinson et al., 1995). However, the “Rotorua Dec-
laration” (adopted at a joint meeting of the IWA Health Related Water
Microbiology Symposium and the Diffuse Pollution Conference held in
Rotorua, NZ in Sept. 2011) highlighted the need for exploringmicrobial
processes at high temporal resolution over seasons and periods of years.

A number ofmethods have beendeveloped tomeasuremicrobiolog-
ical parameters in near real-time. These include on-site flow cytometry
(Besmer et al., 2016, 2014), optical detection of suspended particles, in-
cluding the differentiation between bacteria and particles (Højris et al.,
2016), indirect indicators of bacterial activity, such as adenosine tri-
phosphate (ATP) (Vang et al., 2014) and the sensing of bacteria bydirect
contact (Geary, 2009; Ji et al., 2004). Instruments using these technolo-
gies are commercially available; however, at present, most instruments
are not suited for the real-time monitoring of specific bacterial targets,
such as E. coli, that serve as indicators of fecal pollution (Deshmukh
et al., 2016). For specific, automated and near-real time assessment of
bacteria in water, the detection of enzymatic activities has been pro-
posed as a rapid surrogate method (Cabral, 2010; Farnleitner et al.,
2001, 2002). Several studies have demonstrated the indicator applica-
bility of beta-D-glucuronidase (GLUC) activity measurements in deter-
mining the abundance of the fecal indicator bacteria, E. coli, in rivers
(Ender et al., 2017; Farnleitner et al., 2001, 2002; Stadler et al., 2017,
2016), ponds (George et al., 2000) and coastal waters (Fiksdal et al.,
1994).

To gain insight into the event transport of GLUC at high temporal
resolution and over different seasons in a small agricultural headwater
catchment, we combined conventional isotope-hydrology with a novel
rapid enzymatic on-site assay. Events with increased streamflow and
suspended solids mobilization typically dominate the transport of
fecal pollution in streams (Muirhead et al., 2004; Pachepsky et al.,
2006; Kay et al., 2007). We identified streamwater originating from re-
cent precipitation events by stable isotopes and explored the role of iso-
topic flow-separation in explaining GLUC variability in streams as an
indicator of fecal pollution. Specifically, the aim of this study was to ad-
dress the following questions: (a) What fraction of the transported
GLUC in a stream during events originated from resuspended stream
bed material? (b) Does this fraction of remobilized GLUC change sea-
sonally? Regarding the proposed fecal indicator applicability of GLUC
and E. coli, (c) Are they solely surface associated, or can a persistence
of GLUC and E. coli in the hyporheic zone be observed throughout the
seasons?
2. Methods and materials

2.1. Test site and monitoring location

This study has been conducted in the HOAL - Hydrological Open Air
Laboratory (Blöschl et al., 2015, 2011) in Lower Austria (Fig. 1). The
HOAL catchment is 0.66 km2 in size and is drained by a stream 620 m
in length. Twelve point discharges contribute to the stream, including
tile drains, springs and surface tributaries (Exner-Kittridge et al.,
2013). During the study period (January 2014 to January 2016) the
mean annual precipitation was 823 mm/yr, and the mean discharge
was 2.7 l/s (Table 1). The hydrogeology is characterized by porous and
fissured aquifers consisting of clay, marl and sand. The soils exhibit
medium-to-limited infiltration capacities (Eder et al., 2014, 2010). The
annual sediment erosion is approximately 1 t/0.1 km2 (Eder et al.,
2014, 2010). The land use of the catchment is dominated by agriculture,
consisting of 87% arable land, 5% grassland, 6% forested area and 2%
paved land. The main source of fecal input into the catchment is swine
manure applied periodically to the fields. The stream has high discharge
dynamics (Table 1, Fig. 2) with a rapid response to rain events, causing
significant peaks in the concentration of E. coli, GLUC and suspended
sediments (TSS) in the stream water.

The instrumentation of the HOAL included on-linemeasurements of
water level for discharge estimation, electrical conductivity (EC), tur-
bidity and water temperature at a stream monitoring station MW
(Table 1) at the catchment outlet (Fig. 1) (see Blöschl et al., 2015, for de-
tails). At the same location, instrument prototypes for on-site measure-
ment of GLUC were operated, and samples for stable isotope analyses
were automatically extracted from the stream during events. Precipita-
tion samples for stable isotope analyses were collected regularly at a
station approximately 500 m from the catchment outlet.

2.2. Automated on-site GLUC measurements

The rapid, on-site GLUC assaywas based on the specific bacterial hy-
drolysis of 4-methylumbelliferyl-β-D-glucuronide (MUG) and a fully
automated fluorescence detection (excitation: 365 nm, emission:
455 nm) of the resultant enzymatic reaction product 4-
methylumbelliferone (MU) (Enzymatic Assay of β-Glucuronidase (EC
3.2.1.31) from E. coli [WWW Document], n.d.; Fishman and Bergmeyer,
1974). The automated measurements were performed in batches
using a 6.5-ml sample per measurement. A flow-through photometric
measurement-chamber enabled a high-resolution fluorescence analysis
of the enzymatic reaction product MU. The measurement step required
15 min, and the assay was calibrated to Modified Fishman Units (MFU/
100 ml) based on the enzyme unit definition for beta-D-glucuronidase
activity (Fishman and Bergmeyer, 1974). During this study, the instru-
ment operated at location MW (Fig. 1) was programmed to conduct
measurements every 60 min (Fig. 2), which included an automated
cleaning procedure suitable for long-term on-site operation. The mea-
surement results were transmitted automatically via GPRS modem for
on-line data availability. The prototype was installed in a weatherproof
and air-conditioned housing. The construction and function of the same
prototype design have been described in detail by Koschelnik et al.,
2015, and Stadler et al., 2016. Beta-D-glucuronidase (GLUC) activity is
a specific indicator for the abundance of E. coli in surface waters
(Farnleitner et al., 2001, 2002; Fiksdal et al., 1994; George et al., 2001,
2000; Morikawa et al., 2006). The correlation between GLUC and E.
coliwas found to be especially strong for waters impacted by municipal



Fig. 1.Map of the HOAL, a 0.66 km2 experimental catchment with predominantly agricultural land use. Drained by a 620 m stream (blue line), the streammonitoring station MW (green
star) is located at the catchment outlet. Sample areas forfield sediments (brownpentagons) and streambed sediments (yellow intercepts) aremarked. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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sewage (Farnleitner et al., 2001, 2002) and manure (Stadler et al.,
2016). GLUC measurements in various aquatic habitats (Ender et al.,
2017; Koschelnik et al., 2015; Stadler et al., 2016) showed the suitability
of this on-site assay to indicate E. coli at high temporal resolutions
(N1 h), especially during runoff events (Stadler et al., 2017, 2016).

2.3. Environmental isotopes

Event monitoring by environmental isotopes (Clark and Fritz, 1997;
Mook and Rozanski, 2000; Stadler et al., 2008) was chosen in this study
because the stable isotopes of hydrogen and oxygen are conservative
tracers (Clark and Fritz, 1997) and thus, provide information about
aquifer response characteristics, storage dynamics and run-off charac-
teristics (Goller et al., 2005; Huth et al., 2004; Stadler et al., 2008).
Streamwater samples (Fig. 2) were taken automatically at themonitor-
ing station MW (Fig. 1) during runoff events. Two sampling devices
(ISCO sampler 6712) were connected to a pressure transducer and trig-
gered once a water level threshold was exceeded. Each sampler
contained 24 bottles. The first device sampled at 15-minute intervals.
Once the first device was filled, the second device started sampling
every hour, achieving a total sampling period of 30 h. During the
study period, 799 samples of stream water were taken during events.
Additionally, 106 grab samples were taken manually at monitoring sta-
tion MW (Fig. 1) on a weekly basis during base flow conditions. A total
of 285 precipitation samples (Fig. 2) were taken automatically by a pre-
cipitation sampler located some 500 m from the stream monitoring
Table 1
Range of key parameters in the HOAL stream during the study period (2014–2016, n = numbe

Discharge [l/s] n = 105,120
Suspended solids [TSS mg/l] n = 52,560
Electrical conductivity [μS/cm] n = 52,560
Water temperature [°C] n = 8760
Air temperature [°C] n = 7099
E. coli in stream water [MPN/100 ml] n = 54
GLUC in stream water [mMFU/100 ml] n = 12,209
E. coli in stream sediment [MPN/g] n = 12
E. coli in field sediment [MPN/g] n = 12
location MW. The precipitation sampler switched bottles every 5 mm
of precipitation, filling bottles with 100-ml volumes. Stream water and
precipitation samples were collected within 24 h following an event
and stored in closed vessels until analyses. Isotopic compositions
(δ18O and δ2H) of the water samples were measured using cavity ring-
down spectroscopy (Berden et al., 2000) with a WS-CRDS (Wave-
length-Scanned Cavity Ring-Down Spectroscopy) instrument (Picarro,
Inc.). The instrument setup was similar to a system described by
Gupta et al., 2009.

The event contribution of precipitation to streamflowQp [l/s]was es-
timated by a two component hydrograph separation:

Qp ¼ Qs Cs−Cbð Þ � Cp−Cb
� �−1 ð1Þ

where Qs is the discharge [l/s] of the stream, Cs is the isotope signal
[δ180 in ‰] of the stream water (from automated event sampling, n
= 799), Cb is the isotope signal [δ180 in ‰] of the stream base flow
(from weekly grab samples, n = 106) and Cp is the isotope signal
[δ180 in ‰] of precipitation water (derived from automated rain
sampling, n = 285). The event water fraction Fs (%) of total flow
(Fig. 3) was calculated as:

Fs ¼ Qp � Q−1
s

� �
� 100 ð2Þ
r of measurements). Table includes E. coli concentrations in streambed sediment and soil.

Min Max Median Mean

0.4 79 2.3 2.7
0 5862 8 19

195 856 769 765
0.2 20.0 10.7 10.3
−8.7 34.9 12.2 11.6
b1 3730 134 424
0.8 123 5.5 9.0
81 1181 189 321
b1 16 b1 6



Fig. 2. Hydrograph (top), GLUC activity (second from top) and scatter plots of isotopes δ18O and δ2H (four bottom panels) in streamwater during the study period. Full and open circles
indicate the stream and precipitation samples, respectively (n=number of samples). A local meteoricwater line (LMWL) of δ2H=7.97 δ18O+8.78 (R2= 0.99, p b 0.001) was estimated
from 681 precipitation samples for the period 2006–2017.

239P. Stadler et al. / Science of the Total Environment 662 (2019) 236–245
2.4. Event characterization

Stream flow was measured at 1-minute intervals and averaged
every 10 min (Fig. 2). Based on findings from previous studies in the
HOAL (Eder et al., 2014; Exner-Kittridge et al., 2013), hydrological con-
ditions were flagged as events when streamflow changed by at least
0.1 l within 60 min. Precipitation data and electrical conductivity of
stream water [μS/cm] were used to check this threshold. To define the
ascending and descending limbs of the event (Fig. 3), slopes of the
hydrograph were calculated from the moving average of the discharge
within a 240-minute period. A positive slope of the hydrograph defined
an ascending phase, whereas a negative slope of the hydrograph de-
fined a descending phase (Fig. 3). Information about the ascending
and descending limbs of the hydrograph were used to interpret the
GLUC-discharge relationship (Fig. 4).
2.5. Soil and sediment sampling

To quantify the seasonal fluctuations of E. coli in surface-associated
matter originating from the crop fields and the resuspended material
from the streambed, soil and streambed sediment samples were col-
lected and analyzed during dry weather conditions in spring (April
18th, 2017), summer (August 29th, 2016), fall (October 23rd, 2017)
and winter (February 20th, 2017). During each sampling campaign,
soil samples were taken from three sampling areas of 25-m diameters
in crop fields adjacent to the stream (Fig. 1). Five samples per sampling
areawere drawn from the top layer of the soil (top 5 cm) andmerged to
one composite sample per area, yielding three composite samples for
the crop field. Sediment samples from the streambed were drawn
with a sampling cylinder from three stream reaches, each being approx.
200 m in length (Fig. 1). Five samples per stream reach were drawn



Fig. 3.An event inMay 2014 as an example for eventwater estimation and event characterization: hydrograph (black), event water fraction (red) and GLUC activity (green) show distinct
event dynamics. The red and blue bars at the bottom indicate ascending and descending phases of the event hydrograph. Precipitation (mm/h) is plotted at the top (light blue). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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from the top layer of the streambed (top 5 cm) andmerged to one com-
posite sample per reach, yielding three composite samples for the
stream. Each composite sample was homogenized, and one part was
used to determine dry mass md [g]:

md ¼ mw � 1−φð Þ ð3Þ

where mw is the wet mass of the sample [g] and φ is the water content.
The remaining portions of the composite samples were weighed and
suspended in sterile water. The suspension was then analyzed with
the ISO 9308-2:2012 assay (IDEXX Colilert18®) for E. coli. The E. coli
concentration cs [MPN(100 ml ∗ g)] per g dry soil was calculated as:

cs ¼ cf � f �mdð Þ−1 ð4Þ
Fig. 4. Seasonal clustering of the GLUC-discharge relationship at MW. Colors indicate the slope
indicates the event water contribution (% of discharge) in the stream. (For interpretation of the
article.)
where cf is the concentration of bacteria in the suspension [MPN/
100 ml], f is the dilution factor and md is the dry mass of the sample
[g]. Themean E. coli concentration cs [MPN/(100ml ∗ g)] per dryweight
for each compartment (soil and streambed sediment)was calculated as:

cs ¼ 1
n
∑n

i¼1cs ð5Þ

where ͞ n is the number of composite samples and cs is the E. coli count
[MPN/g] per dry weight of each composite sample. The GLUC activity of
the suspended sediments in the stream water per dry mass, GLUCTSS

[mMFU/g], at location MW was estimated as:

GLUCTSS ¼ 10 GLUCS � TSS−1
� �

� 1000 ð6Þ
s of the event hydrographs (red = ascending phase, blue = descending phase). Point size
references to colour in this figure legend, the reader is referred to the web version of this



Table 2
The first two rows show the percentage of streamflow volume during non-event and
event conditions in various seasons, and during the whole study period. The rows below
show the eventwater contribution to discharge of all events separately for time stepswith
event contributions of different magnitudes (0% to N75%). The two middle rows show the
percentage of GLUC loads transported during non-event and event conditions. The five
lowest rows show the percentage of GLUC loads transported during event conditions by
different event water contributions (0% to N75%) during the various seasons and during
the whole study period.

Spring Summer Fall Winter 2014–2016

% of total discharge during
Non-event conditions 21 13 11 26 71
Event conditions 13 3 6 7 29

% of total discharge during event conditions with:
0% event water 25.7 7.9 8.6 16.3 58.5
N0–25% event water 16.4 2.6 9.6 6.6 35.2
25–50% event water 2.6 0.3 2.7 0.2 5.8
50–75% event water 0 0 0.4 0 0.4
N75% event water 0 0 0.1 0 0.1

% of total GLUC load transported during:
Non-event conditions 15 13 13 20 61

Event conditions 14 6 14 5 39
% of GLUC load during event conditions transported with:

0% event water 17.2 7.5 11.5 8.2 44.4
N0–25% event water 15.4 6.5 19.8 3.5 45.2
25–50% event water 3.9 0.6 4.9 0.5 9.9
50–75% event water 0 0.1 0.5 0 0.6
N75% event water 0 0 0.1 0 0.1
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where GLUCS is the GLUC activity of the stream water [mMFU/100 ml]
and TSSS is the concentration of suspended sediments in the stream
water [mg/l].

2.6. Data processing and interpretation

Linear correlation and principal component analyses (PCA) were
performed to assess the relationship between stream discharge, GLUC,
total suspended solids (TSS) and event water. For further visual inter-
pretation of the associations among GLUC, discharge, event water and
hydrograph slope, bubble charts and correlation plots were generated
for each season. The data were separately analyzed for the following
four seasons: spring (March–May), summer (June–August), fall (Sep-
tember–November) and winter (December–February). On-site mea-
sured GLUC and discharge were used to calculate GLUC loads [mMFU/
s] for event and non-event conditions in each of the seasons and for
the total study period.

3. Results

3.1. GLUC – discharge relationship

The GLUC–discharge association exhibited distinct seasonal clusters
(Fig. 4, isochronal measurements of GLUC and discharge at temporal
resolution of 1 h, not all short discharge peaks were isochronal with
GLUC measurements). In spring, discharges of up to 79 l/s, with a me-
dian of 2.9 l/s and GLUC peaks of up to 80mMFU/100ml, with amedian
of 3.0 mMFU/100 ml were recorded. Increased GLUC values during dis-
charges below5 l/swere related to streamflownot containing any event
water (small circles in Fig. 4) and occurred during the ascending limb of
the hydrograph (red circles in Fig. 4), suggesting a remobilization of
remnant bed sediments in the early phase of events. Increased GLUC
values during discharges above 5 l/s were related to significant event
water contributions (between 10 and 35% of total discharge) and oc-
curred exclusively during the ascending phase of events. During the de-
scending phase of the event-hysteresis, GLUC decreased linearly with
decreasing discharge, and event water contributions were b25%.

Discharges in summer were generally low with a median of 1.4 l/s,
but one intense precipitation event caused a discharge peak of 65 l/s.
GLUC values during both years of monitoring reached a maximum dur-
ing the summer seasons with values of up to 121 mMFU/100 ml (me-
dian 10.9 mMFU/100 ml) even though discharges were below 10 l/s.
The highest GLUC values were recorded during the ascending phases
of events with event water contributions of approximately 35%. Similar
to the other seasons, therewas a linear but less pronounced relationship
between discharge and GLUC during the descending limb of the events.
A significant amount of descending phase data points with high GLUC
values of up to75 mMFU/100 ml was observed during the summer.

The stream discharge during the fall had a median of 4.7 l/s and
reached a maximum of 51 l/s. GLUC had a median value of
17.0 mMFU/100 ml and values up to 123 mMFU/100 ml. The highest
GLUC values occurred during the ascending phase of the events. Event
water contributions reached 75% during discharges below 10 l/s. There
was a pronounced linear relationship between discharge andGLUC dur-
ing the descending phase of events with low event contributions, al-
though several descending phase data points with both high GLUC
values (N50 mMFU/100 ml) and increased event water contribution
(N75%) were recorded.

Winter was characterized by a median discharge of 2.6 l/s (maxi-
mum 37 l/s) and GLUC values below 41 mMFU/100 ml with a median
of 3.1 mMFU/100 ml. The highest GLUC values again occurred during
the ascending hydrograph limbs with event water contributions of up
to 25%. There was an apparent linear relationship between discharge
and GLUC during the descending phase of events.

While all seasons showed a clear clustering of the GLUC-discharge
relationship (Fig. 4) reflecting the changing hydrological and
microbiological conditions in the catchment throughout the year,
there were similarities between the seasons. The maximum GLUC
values in all seasons tended to occur during the ascending event phases
and when event water contributions were larger than 10% (Fig. 4).
However, in all seasons significant amounts of increased GLUC values
were also recorded during the ascending phases of events with no
eventwater contributions (Fig. 4). In all seasons, linear relationships be-
tween discharge and GLUC during the descending phases of events
were observed, which were most pronounced in spring and fall
(Fig. 4). The majority of these data points were characterized by little
(below 25%) to no event water and relatively low GLUC values (Fig. 4).

3.2. Transport of GLUC loads during events

Over the entire study period, 71% of the total stream discharge vol-
ume occurred during non-event conditions and 29% during events
(Table 2). The GLUC loads reflected these hydrological conditions with
61% of the total GLUC load transported during non-event conditions
and 39% transported during events (Table 2). Overall, 44.4% of the
GLUC load transported during events were mobilized by stream water
not containing any recent precipitation water (Table 2). Stream flow
containing up to 25% event water transported 45.2% of the GLUC load
during events. Streamflow containing N25% eventwater occurred infre-
quently (only 6.3% of the total discharge during events) and transported
10.6% of the GLUC load during events (Table 2).

3.3. E. coli and GLUC in the soil and the stream bed sediments

The field and streambed sediment samples showed seasonal varia-
tions in E. coli concentrations with maximums during the summer and
minimums during the spring and winter in both compartments
(Fig. 5). During spring, E. coli concentrations in the field sediment
were b1 MPN/g and 81 MPN/g in the streambed sediment. During the
summer, they were 16 MPN/g and 1186 MPN/g, respectively, and dur-
ing the fall, they decreased to 6 MPN/g in the field sediment and to
385 MPN/g in the streambed sediment. During the winter, they were
b1 MPN/g in the field sediment and 89 MPN/g in the streambed sedi-
ment. Overall, the E. coli concentrations in the streambed sediment
(Fig. 5) were almost 2 log higher in all seasons than those in the field
sediment (Fig. 5). The grab samples of stream water (sample location



Fig. 5. Seasonal variation of E. coli concentrations cs in different compartments: E. coli
concentrations in field sediments [MPN/g] are shown as orange triangles, E. coli
concentrations in the streambed sediment [MPN/g] are shown as blue circles and E. coli
concentrations in the stream water [MPN/100 ml] are shown as black crosses. Box plots
show the GLUC-TSS ratio (GLUC concentration in total suspended sediments, mMFU/g).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. Pearson correlation coefficients, r, between GLUC, discharge (Q), TSS, event water
discharge (l/s) and event water fraction (% of discharge) throughout the seasons of the
study period. All p-values b 0.001 except for event water (%) and Q in fall (p N 0.001
marked with X). The correlation of GLUC with other in-stream variables varies between
the seasons. The correlations between GLUC, TSS and event water fraction are the
strongest.
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MW, mean values 2012–2017, n = 43) showed similar patterns with
maximum E. coli concentrations during the summer
(1713 MPN/100 ml), lower values during spring (122 MPN/100 ml)
andminimumconcentrations during the fall (59MPN/100ml) andwin-
ter (69MPN/100ml). The GLUC/TSS ratio, reflecting theGLUC activity in
suspended sediments also followed the seasonal pattern with a maxi-
mum in the summer (67 ∗ 103 mMFU/g) and minimum values in the
spring (22 ∗ 103 mMFU/g) and winter (32 ∗ 103 mMFU/g) (Fig. 5).

3.4. Comparison of GLUC with E. coli

Comparisons of automated measurements of GLUC with ISO 9308-
2:2012 analyses (IDEXX Colilert18®) of grab samples (n = 54) for E.
coli andphysical in-streamparameters showed that GLUCwasmore sig-
nificantly correlatedwith E. coli (R2=0.52, p b 0.001) thanwith the ob-
served physical in-stream parameters (e.g., TSS, R2 = 0.22, p b 0.001).
The correlation between these two parameters was significantly higher
during precipitation-induced run-off (event conditions) with an R2 of
0.80 (n = 13, p b 0.001, data not shown). E. coli concentration also
showed significant correlations with discharge (R2 = 0.63, p b 0.001)
and TSS (R2 = 0.51, p b 0.001).

3.5. Drivers of GLUC concentrations in stream water

Linear correlations among GLUC concentration, discharge, TSS and
event water contributions (both in l/s and % of total discharge) showed
distinct seasonality (Fig. 6). Correlations among all variables were sig-
nificant (p b 0.001), except between event water fraction and discharge
during the fall. During the spring, GLUC showed the strongest correla-
tion with TSS (r = 0.63) and event water fraction (r = 0.52). During
the summer, GLUC showed the highest correlations with event water
fraction (r = 0.46) and event water discharge (r = 0.37). During the
fall, the correlations of GLUC with the other in-stream variables were
low (all r b 0.4). During the winter, GLUC was strongly correlated with
TSS (r = 0.76), event water discharge (r = 0.71) and event water frac-
tion (r = 0.89).

Principal component analysis (Fig. 7) of GLUC concentration, dis-
charge, TSS and event water fraction (both in l/s and % of total
discharge) showed that the first two factors (Dim1 and Dim2)
accounted for 71% (winter) to 74% (fall) of the variation. While the lin-
ear correlations (Fig. 6) among the observed variables, i.e., GLUC con-
centrations and event water fraction, were not consistent over the
seasons, the PCA results (Fig. 7) showed that these two variables were
similar during all seasons. This joint variation in response to an unob-
served, latent variable indicated similar drivers of GLUC and event
water fraction throughout the study period.

4. Discussion

Previous studies on fecal indicator bacteria (FIB) in streambed sedi-
ments (Cho et al., 2010; Foppen and Schijven, 2006; Garzio-Hadzick
et al., 2010; Kim et al., 2010) have highlighted the important role of re-
suspension with respect to the event transport of E. coli; these studies
have reported extensive survival times of enteric bacteria in alluvial sys-
tems (Jamieson et al., 2004). Studies on the event transport of E. coli
have been typically based on monitoring campaigns (Kim et al., 2010),
modeling (Pandey et al., 2012) or artificial flooding experiments
(Muirhead et al., 2004). The findings of this study showed that remobi-
lization of streambed sediment was a significant component for GLUC
dynamics in streamwaters and were in accordance with Kim et al.,
2010, Pandey et al., 2012, and Muirhead et al., 2004, who focused on
flood-induced streambed release of fecal indicator bacteria. Additional
insights into the seasonality of enzymatic activity event transport are
provided here due to the continuous and high resolution GLUC mea-
surements over two years and isotopic flow separation.

The GLUC-discharge relationship (Fig. 4) alongwith the event water
contribution and the slope of the event hydrograph can be interpreted
with respect to the potential sources and pathways of fecal pollution
in different parts of the year as follows. Linear relationships with small
slopes were found for the descending event phase, usually containing
fewer than 25% eventwater. The linearity of these baseline relationships
(Fig. 8) and a consistent slope during all seasons suggested that this pat-
tern was caused by a postrainfall drainage of a large reservoir in the
catchment. We interpreted this pattern as a signal of remnant GLUC



Fig. 7. Principal Component Analysis of the variables GLUC, discharge, TSS eventwater volume (event q, l/s) and eventwater contribution (in l/s, % of discharge) in the seasons of the study
period. GLUC and event water contribution (%) in the stream plot in the same sector in all seasons, indicating similar drivers.
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active organisms mobilized from the aquifer during events. Above this
baseline relationship, two additional clusters were observed: (a) Data
points with the highest GLUC values in streamflow containing event
water predominantly occurred during the ascending event phase. Be-
cause of the high event water fraction, these data points were
interpreted as signals of surface-associated GLUC input due to recent
rain water (Fig. 8) that reached the stream via overland flow or prefer-
ential flow paths.

(b) Increased GLUC values in the stream water without event water
contribution occurred at discharges below 10 l/s and predominantly
during the ascending event phases. Because of the absence of recent
rain water in stream flow, no surface-associated input was assumed;
these data points were interpreted as signals of resuspended matter in
the stream causing increased GLUC (Fig. 8). Flushing experiments con-
ducted in the same stream by Eder et al., 2014, showed higher
Fig. 8. Interpretation of the clustering within the GLUC-discharge relationship: Baseline
(blue zone) is interpreted as the signal of a remnant population of GLUC active
organisms within the catchment. Recent input of GLUC due to event water (red zone)
and GLUC sourced from resuspended matter (green zone) are plotted above the
baseline. Clusters of recent input and resuspended GLUC overlap but are diminished by
different event water contributions (size of points). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
resuspended sediment loads during the first flush compared with sub-
sequent induced floods. We believe that the samemechanisms relevant
for the streambed release of E. coli described by Kim et al., 2010, and
Muirhead et al., 2004, effected an increase of hydraulic shear stress,
remobilizing and “washing-out” GLUC active organisms from the
hyporheic zone at the beginning of events (Figs. 3, 8).

The majority (61%) of the GLUC load was transported during non-
event conditions (Table 2) supporting the interpretation of remnant
populations of GLUC active organisms in the aquifer or the hyporheic
zone. Overall, 44% of the GLUC loads transported during events were
measured when no recent precipitation water contributed to stream
flow, suggesting that these GLUC loads stemmed from remobilizedmat-
ter, most likely from the stream bed.

The linear correlation analysis (Figs. 6, 7) showed that GLUC concen-
trations in the streamwater weremainly correlated with TSS and event
water fraction; these correlations were not particularly strong and
changed seasonally. However, in the PCA analysis, the GLUC concentra-
tion was consistently close to the eventwater fraction (Fig. 7) during all
seasons, indicating similar drivers of the two variables. We interpret
these drivers to be induced by precipitation events because event
water fraction in stream flow and GLUC dynamics are controlled by hy-
drologic catchment conditions (e.g., soil moisture and groundwater
level), precipitation depth and intensity.

The comparison of GLUC measurements with E. coli analysis from
grab samples extracted during the whole test period (n = 54, both
event conditions and low flow) showed an R2 of 0.52. An R2 N 0.95 be-
tween these two variables would be required to consider GLUC as a
quantitative proxy parameter for E. coli (Stadler et al., 2016). However,
exclusively during event run-off, the correlation tended to be signifi-
cantly higher with an R2 of 0.80. Moreover, GLUC showed the strongest
correlation with E. coli compared with the other evaluated stream pa-
rameters. This was interpreted in terms of indicator applicability of
GLUC for fecal indicators. The data shown in Table 3 indicated that E.
coli, compared with GLUC, had a higher correlation (R2) with physical
stream parameters, such as discharge and TSS. This was interpreted as
a likely result of the association of E. coli with particles and the respec-
tive transport mechanisms. GLUC measurements were sensitive to all
enzymatic activity, including extracellular enzymes produced by GLUC
active organisms. This supported the assumption of remnant popula-
tions of GLUC active organisms within the catchment and may partly



Table 3
Linear correlation (R2) between GLUC (mMFU/100 ml), E. coli (MPN/100 ml) and physical in-stream parameters. Asterisks show the significance level (***: p-value ≤ 0.001, **: p-value ≤
0.05, for R2 N 0.1), n = number of measurements).

GLUC
[mMFU/100 ml]

E. coli
[MPN/100 ml]

Discharge
[l/s]

Sediment concentration
(TSS)
[mg/l]

E. coli
[MPN/100 ml]

0.52***
n = 54

Discharge
[l/s]

0.22***
n = 3792

0.63***
n = 54

Sediment concentration
(TSS)
[mg/l]

0.24***
n = 3558

0.51***
n = 53

0.47***
n = 6571

Water temperature
[°C]

0.11***
n = 3792

0.14***
n = 54

0.01
n = 6917

0.00
n = 6571
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explain the fairly poor correlations between GLUC and E. coli during low
flow conditions.

5. Conclusions

The combination of isotope-hydrology with on-site and rapid bio-
chemical monitoring provided insight into the seasonality of event
transport of beta-D-glucuronidase. This study estimated the contribu-
tion of resuspendedGLUC active organisms in an agricultural headwater
stream for a period of two years. The fraction of resuspended GLUC
loads was shown to change between seasons. Increased GLUC values
during event run-off occurred despite the absence of recent precipita-
tion water in stream flow, suggesting that a significant part of the
GLUC load in the study period originated from remobilized matter.
The majority of the GLUC load was transported during nonevent condi-
tions, and a linear relationship between discharge and GLUC during the
descending phases of events was observed during all seasons. This
strongly supports the presence of remnant populations of GLUC-active
organisms in used small head water catchments.

The combination of isotope hydrology and novel microbial methods
has the potential for assessing microbial fluxes at large scales. This ap-
plied approach is not restricted to enzymatic assays. Other emerging
microbial assays, such as on-site flow cytometry, could also be used in
similar studies. Process studies, such as this one, contribute toward mi-
crobial transport and risk assessment. Molecular research, such as ge-
netic community analyses of stream water or in the catchment (Savio
et al., 2018, 2015), may complement the findings of this work.
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