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Abstract

Novelin situ sensor technologies can measure water chemistiglatemporal
frequencies, yet few studies have evaluated hotallagon affects measurements. In this study,
we assessed the effects of commonly used protdubivsings omn situ sensor readings.
Working in two mountain streams, we co-located ggeconductance sensors in four different
housing types that varied in openings for watehaxge (mesh, screen, holes, and open). We
compared measured conductance values throughamdeyperformed repeated salt tracer
additions to evaluate the influence of housing tgpecalculated discharge. Sensors readings in
mesh and, to a lesser extent, screen housingseindyguliverged from housings with larger
openings (i.e., holes and open), indicating redweatgr exchange between stream water and
housed sensors. Further, mesh and screen houstwsled more damped and delayed response
to salt tracer additions compared to the otherhauasings, resulting in markedly different
discharge values. From these findings, we recomrtietdvater chemistry sensors should be
deployed in a protective housing with large opesifuy sufficient water exchange.
Plain L anguage Summary

Many sensors are now available to measure watdityjparameters in streams and
rivers. Sensors are commonly installed in a housrggcure them in stream locations and for
protection from floating debris. Yet, it is not wahderstood if different housing options
influence measurements. In this study, we placadas that measured the electrical
conductivity of water in four different housing 8@ Housings with smaller openings, including
metal meshes and PVC pipes with narrow slots, casesesor readings to differ from sensors

placed in housings with larger openings. From tHiegngs, we recommend that water quality
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sensors should be deployed in a protective houwsitiglarge openings for sufficient water

exchange.

Introduction

The suite of parameters that can be measuredmatu sensors has grown rapidly,
including nitrate, dissolved organic matter, tuityidand phosphate (Etheridge et al., 2014; Rode
et al., 2016). Yet, there is limited guidance fensor installation in streams (Clark et al., 2016).
While studies have shown that sensors provide mmmsistent and representative values when
installed in a well-mixed section of the main streehannel (Bergamaschi et al., 2012; Pellerin
et al., 2012), little attention has been paid ®¢hoice of protective housing types. As a
consequence, sensor installations have varied yigiveen studies and applications. In
streams characterized by fine suspended sedinfidtetsfabric has often been used to protect
against sediment clogging. In streams with turbuflenvs, metal housings — often with fine
mesh screening — have been used to protect sdnmorsvater velocities and contact with rocks
and large woody debris (Stamp et al., 2014). Qtisers have encased sensors within PVC pipes
with either screening or drilled holes of varioensdities and apertures (Jones et al., 2017). Such
housing options vary in their size and density pémings, with potential, but largely unknown,
effects on water, and thus solute, exchange bettirestream and housed sensor. High-
resolution data collected Iy situ sensors are useful only as much as they accuraielgsent
concentration variation, making it important to kexsie whether different housing materials
affect sensor readings.

We assessed potential housing effects on spetsfotrieal conductance (i.e., electrical
conductivity at 25°C, hereafter referred to as S&)sor readings, noting that such measurements

are widely used to evaluate salinity impairmentt@fa2016) and identify water sources (Cox et
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al., 2007). Further, SC sensors are commonly useshwestimating stream discharge via salt
tracer injections, particularly in mountain streantgere irregular channels and turbulence make
meter-based velocity measurements unreliable (M&a@5). Working in two mountain

streams, we compared SC time series and SC-datigelarge values from salt injections using
four common housing types. While we chose SC ssrfeotthis assessment, we submit that our

findings will be applicable to the installation mistin situ water quality sensors.

M ethods
SC Sensors and Housing Types

We used self-logging SC sensors (HOBO U20L-04, @ayu= 5 pS/cm, resolution = 1
pnS/cm, Onset Corporation, Bourne, Massachusetited)States) to determine if housing type
influences sensor measurements. We compared fiberetit housing types (Table 1, Figure 1):
1) mesh housing (MH), a steel well-point (1.0 mgignby 0.05 m diameter) with 5 mm diameter
holes covered by an outer 80-mesh stainless stesdig 2) screened housing (SH), a PVC
housing with 1.3 mm wide slots along the lengtlthef housing; 3) holes housing (HH), a PVC
housing with 6.3 mm holes and no additional sci@dfiiter fabric; and 4) open housing (OH), a
0.18 m long section of PVC installed without capshsthat the openings were perpendicular to
the direction of flow and allowed unobstructed flaleng the sensor. We did not include a
sensor without housing in our field comparison; beer, we assumed that the OH provides
immediate exchange with stream water and thus dered it to be our experimental control.
Laboratory Test

We performed a laboratory test to evaluate wheatbérntial leaching of the stainless

steel material of the MH could affect SC readiny® measured SC every five minutes over a
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one-week period in two tapwater-filled (30-L) pladtibs where three SC sensors were deployed
in different positions: i) inside the MH submergadne of the plastic tubs, ii) in the same tub
approximately 10 cm from MH, and iii) in the othab to serve as the control. Sensors were also
rotated among positions on Day 4 to test for pdsgalibration differences.

Installation for Field Comparisons

We installed the SC loggers at two neighboring nt@uanstreams, Dismal Creek and No
Business Creek (Giles County, Virginia; Figure Siijh sensors placed within the four different
housing types co-located within each stream (sger€il). The streams have the same bedrock
type, with formations composed primarily of Dolas#g Limestone, Shale, and Sandstone.
Dismal Creek lies on a scarp slope of the Blue Rilgcarpment, and its streambed consists of a
thin layer of sediment overlying planar sheetsaxdrock (DiPietro, 2013). No Business Creek
lies on a scarp face and has a streambed madecgbloied rocks and boulders. Stream widths
at study locations were 10 m at Dismal Creek and& No Business Creek.

At Dismal Creek, the MH well point was installedoapximately 0.10 m into the stream
bed, with deeper depths not possible due to theaplaedrock at this site. We secured the MH
well point by anchoring it to a boulder near theldhé of the stream. While this location had
noticeable flow and mixing, it was not in the m#éalweg and thus likely experienced lower
water velocities. The OH was attached to the MH peint using zipties, oriented such that the
PVC pipe was perpendicular to stream flow and fleas unobstructed along the sensor (Figure
1). The SH and HH were anchored by cinder blocased approximately 0.5 m away from the
location of MH and OH, with an attempt to matchafloonditions as closely as possible. At No
Business Creek, the MH well point was installedragpnately 0.45 m into the stream bed in the

thalweg, with the OH secured to the MH and oriemgexpendicular to stream flow. The SH and
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HH were also installed near the thalweg, approxaiyad.5 m away from each other and 1 m
downstream from the MH and OH. For all housing sy[#8C sensors were installed to be near
the middle of the water column; however, duringyMexv flow conditions some sensors were
above the water surface (e.g., the SH sensor atdDiSreek from 24 October to 26 October and
again from 27 October to 2 November 2018). The édsensors collected SC and temperature
measurements every 15 minutes between October&t@l&ebruary 2019.

We also measured stage in each creek to explordloavconditions (as indicated by
stream stage) may affect differences among housilfganstalled total pressure transducers
(HOBO U20L-04, Onset Corporation, Bourne, MassaettssUnited States) inside the mesh
housings at both Dismal and No Business Creekspidssure transducers recorded
measurements every 15 minutes, and were corremtdzhfometric pressure variation using
another pressure transducer installed in a dryvagglound well at No Business Creek. The dry
well was designed to reduce temperature variagmastheir induced error in barometric
pressure measurements (McLaughlin & Cohen, 2011).

Temporal Patternsin SC Observations

Differences in measured SC time series were assé&ssvaluate influences of housing
type and how potential differences among housesdaervaried with flow conditions. We
summarized the SC values based on their m@aistandard deviatiorsf, and coefficient of
variation (C.V.), with C.V. (%) = 108u. We also compared temperature time series among
sensors to distinguish between housing effectsneomected electrical conducitivity (i.e., ion
concentrations) and those that influence temperatnd thus temperature-corrected SC values.

Tracer Tests and Discharge Measurements

This article is protected by copyright. All rights reserved.



To further compare differences between installat@thods, flow measurements were
collected at variable stage conditions using satter methods (Moore, 2005). For each test,
1,500 g (low flows) to 3,000 g (high flows) of Na@as mixed with 18 L of water. The solution
was then introduced as a single point injectiomftbe left stream bank, 50 m upstream of the
sensors at Dismal Creek and 25 m upstream of tieoseat No Business Creek. Following
Moore (2005), we used SC readings collected anfiesvals to calculate discharge for the four
housing types. We performed eight salt tracer @sésch site and captured a variety of
conditions, including high, medium, and low floM8e then developed rating curves to relate

calculated discharge and observed stage.

Results
Laboratory Test

Although there were small (ca. 10 uS¥Hndifferences in calibration offsets among
sensors, temporal SC patterns were similar amanthtiee tested positions, thus indicating no
influence from the MH on SC readings (Figure S2nsdrs readings were also similar following
sensor rotation between the two tests, demongfratinsistent performance among sensors.
Based on this information, we determined that taakess steel material of the MH did not
influence SC readings via dissolution of the méfXhis test also showed that, after an initial
equilibration period, the relative offsets of thé Sensors were stable through time, meaning that
any fluctuations in SC values observed during tblel tests likely reflected actual SC variations

in the water near the sensors.
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Temporal Patternsin SC Observations

At both stream sites, sensors installed in the fmwsings collected similar temperature
measurements (Figure S3), but SC readings diffeeédeen housings, with the MH in particular
diverging from the others (Figure 2). In Dismal €kethe MH sensor recorded SC values as
high as 13QS cm?, versus<30 uS cm? for sensors in the other housings (Figure 2a).nvi&a@a
values for the period shown in Figure 2a were21uS cm? for OH, 22uS cmtfor the HH,
and 38uS cmfor the MH (Table 2). The MH also had much highariation ¢ = 26 S cm?;
C.V. = 70%) compared to OH and HH, which both haahd less than 2S cm'and C.V. values
less than 10%. Statistics for SH were not calcdldige to data gaps during low flows when the
sensor was above water surface.

In No Business Creek, where there was less vaithalrilboth flow and SC, MH
measured SC values as high asi84&m?, versus <121S cm? for the other housings (Figure
2b). Mean SC values for the period shown in Fidirevereu = 11uS cm? for both OH and
HH, 8.8uS cm? for SH, and 2QS cm for the MH (Table 2). The OH and HH hadk 0.2uS
cmt, compared to a higher value for St 0.43uS cm?) and even higher for MHs(= 26 uS
cnl). Similarly, OH and HH had similar and low C.V.lvas (1.8% and 1.6%, respectively)
versus a higher value in the SH (C.V. = 4.9%). Wh¢ had more than an order of magnitude
greater variance, with C.V. = 80%.

At both streams, MH SC values progressively ina@dasnd diverged from other housing
types during stream recession periods, and quatkhyerged to the others during high flow
events (e.g., the event in No Business Creek omN2x&mber 2018; Figure 2b). Rapid decline
of MH readings and convergence with other housaigs occurred following sensor retrieval

and redeplopyment during data downloads (red armwgyure 2). By contrast, the other three
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housing types (OH, HH, SH) captured similar SCeratt, but with some unexplained drift in
SH readings at Dismal Creek (inset in Figure 2a).
Tracer Tests and Discharge Measurements

For most salt tracer tests, the different housprgsluced distinct SC responses. During a
representative tracer test conducted at low floDismal Creek, HH showed the earliest
response to the tracer, with SC starting to in&&&® seconds after tracer injection and reaching
a peak SC value of 645 cm! (Figure 3a). The OH showed an increase startipgoxjpmately
100 seconds later and reaching a peak SC af84dm'. Both SH and MH recorded much more
delayed responses, with SC values starting tcafiee 1,300 seconds, and had peak SC values of
28-30uS cmt, thus showing a more damped signal than the OHtbrUsing these tracer-
induced SC responses, we calculated dischargeoand similar values for OH, HH, and SH
housings (356-405 L'$ and substantially greater discharge for MH (1,2%&}). In a
representative high flow event at Dismal Creek, &id HH had similar time to response and
peak SC values, which translated to similar dispesir15,300 L-$for OH and 12,200 L-sfor
HH (Figure 3b). The SH responded more slowly armipled a lower calculated discharge
(4,920 L s'). The MH did not record any change in SC, andettuee the data were not useful
for estimating discharge. We note that, during khgh flow event (Figure 3b), the measured
changes in SC in all housings were relatively sm@athpared to typical salt dilution tests, and
therefore the calculated discharges likely had sonoertainty.

Similar trends were seen at No Business Creelhdmédpresentative low flow event, OH
and HH showed similar responses to the traceriadditising quickly to peak SC values of 232
uS cm! (OH) and 29QuS cm? (HH), whereas SH and MH reponses were delayetditgjdo

rise 60-70 seconds after the other housings) amgbed, rising only to peak SC concentrations

This article is protected by copyright. All rights reserved.



of 40uS cm? (SH) and 53:S cm?* (MH; Figure 3c). Calculated discharge for thismweas

similar for the OH and HH (244-248 tlsand greater for the MH (309 tsand SH (380 L9).

In the representative high flow event, the OH, ldHd SH responded to the salt tracer at similar
times but with different peak SC values (Figure. 8pecifically, the HH peaked at 265 cm,
while the OH and SH peaked between 151 andus8m?!. The HH and OH peaked within 1
second of another, while the SH peaked 8 secomels mong these three housings, OH
provided the lowest calculated discharge (859 L.cempared to 1,021 L'for HH and 988 L s
1for SH. The MH only recorded a very minor respotusthis tracer addition (maximum SC
increase of @S cmt), and yielded the highest discharge value oflall29 L s', which was

31% higher than the value from the OH.

To further assess differences between housingreptise compared calculated
discharge rates from all tracer tests for MH, Sit] BIH to those from OH, which served as the
experimental control. At Dismal Creek, there wasrpmrrespondence between MH and OH
(R?=0.11), and also between SH and ORI £R.022), with the OH generally yielding lower
discharge values in low flow conditions and higtlischarge values as flow increased (Figure
4a). At No Business Creek, discharge values estanfadm the other housings generally
exceeded discharge from OH (Figure 4b). The onteption was the test performed at the
lowest flow conditions, when the MH did not recardhange in SC, while the SH gave an
estimated discharge of less than half that of thea®d HH. Here, the calculated discharges
were better correlated, witi?R 0.91 (MH versus OH) and?R: 0.93 (SH versus OH). At both
sites, OH and HH provided discharge estimatesvieat similar in magnitude and strongly
correlated (R= 0.95 in Dismal Creek anc?R 0.99 in No Business Creek), with differences

increasing under high flow conditions.
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We also assessed the influence of installationatecutated flows by examining rating
curves between calculated stream discharge andvelolsstage. The estimated parameters and
goodness of fits varied substantially between Ifatan types. For example, at Dismal Creek,
OH had the highest®alue (0.95), HH had the next highegtRlue (0.53), and SH and MH
both had Rvalues < 0.35 (Figure S4). In No Business Cregk,a3o had the best fit R

0.84), while HH and SH also had Ralues> 0.80 (Figure S5). The MH had ar & 0.70.

Discussion
Temporal Patternsin SC Observations

At both stream locations (No Business and Dismak&s), SC time series indicated
differences among housing options. During decliffiog conditions, SC values increased
markedly in the MH and drifted from the other hagsmeasurements (Figure 2). While the
exact mechanism for these SC increases duringltawremains unknown, this drift could
reflect localized groundwater upwelling through poetion of the wellscreen below the
streambed (Bischof et al., 2019). Flow increasesfprecipitation events then caused MH
readings to rapidly decrease and converge with @@=g from other housing types. The MH
also reverted to similar SC values as the othesings following sensor removal and
redeployment for data download, likely from watepthcement and transient increase in water
and solute exchange within the housing. While é&sdseeme than the MH, the SH also recorded
greater variability compared to OH and HH at NoiBess Creek, with 2-3x higher standard
deviation and C.V. values (Table 2). Data gapsSldrat Dismal Creek precluded such a
comparison, but we did observe periods of unexpthulrift in SH readings (e.g., Figure 2a

inset). At both sites, however, SC values recolie®H and HH were similar in magnitude and
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variation. Taken altogether, these data suggeshthasings with smaller openings for water
exchange (i.e., MH, and to a lesser extent, SHaff@ct sensor readings. In the case of SC data,
such errors may falsely indicate salinity impairiyem increasing global concern for freshwater
systems (Kaushal et al., 2018).

Tracer Tests and Discharge Measurements

In mountain streams and other turbulent watersetsaandn situ sensors often represent
the only viable method for estimating discharge ¢kéo 2005; Gravelle, 2015), emphasizing the
importance of appropriate housing installation. Galt tracer experiments indicated clear
differences in SC patterns between housing typea{ples shown in Figure 3). Sensors located
in the MH either responded more slowly to the traidition compared to the other housings, or
in a few cases did not respond at all (e.g., Fige The OH and HH tended to have the fastest
response to the salt additions, while SH oftendddmped and delayed response. These
variable responses caused differences among hotygieg in estimated discharge values (Figure
4) and rating curves (e.g., lowef Ralues for MH and SH; Figures S4 and S5).

We note that our mixing lengths were less tharstiggested range for mountain streams,
potentially resulting in incomplete tracer mixing@ss our stream reach. While this factor may
have introduced some error in calculated discheatgs, it did not confound our findings
regarding relative differences among housing typé®No Business Creek, all sensors were co-
located in the main thalweg and thus experiencegdéme pulse of elevated stream SC. At
Dismal Creek, site conditions required us to an¢cherMH, along with the attached OH, behind
a boulder and outside the main thalweg, whereabklthand SH were nearer to the main
thalweg, albiet only 0.5 m away. We speculate tinase different positions of OH versus HH

may partially explain their differences in respots¢racer additions, particularly at low flow
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(Figure 3a), supporting the common recommendatiavoid such flow obstructions.
Nevertheless, OH and MH, which were co-located,hadkedly different responses to tracer
additions, as did the co-located HH and SH. Thessvse comparisons thus further indicate
that housing type affects sensor measurements.

Housing Effects on Water Exchange

We suggest that the variation in sensor data betlweasings may reflect differences in
flow resistance and associated water exchangeghrine different housing types. While we are
unaware of similar studies investigating housirfga$ onin situ sensor readings, Yu et al.
(2011) and Klammler et al. (2007) demonstrated tbaditiced aperture size (and thus increased
flow resistance) can result in flow divergence aa porous cylinder, particularly at lower
velocities. As such, flow resistance and associdiegtgence were likely greatest in the MH
followed by SH, and were likely minimized in HH a@dH. Our results suggest that these
differences in flow resistance affected solute exge across housings and became even more
important as discharge (and thus stream velocégjahsed. In contrast to SC, temperature
measurements were similar among housings (Fig.f@3er indicating that divergent readings
were caused by varying dissolved ion concentratatisn housings rather than temperature-
induced differences in SC correction factors.

Limited water exchange may also increase biofoubihigoused sensors, which would
also result in erronous sensor readings. Howewvedia not observe sensor biofouling in our
study, and the sudden convergence of MH and othegsihg SC values following sensor
downloading further implicates solute exchangenascause of housing differences. That is, we
did not clean sensors during downloading, mearhagany biofouling would likely have

remained and continued to cause erroneous reaftithgwing sensor redeployment (in contrast
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to our results). Although biofouling did not seesrbe a factor in our study, it represents another
potential consequence of housing effects on waighange.
Transferability to other Sensors

Altogether, sufficient water exchange across ptotediousings is necessary for any
situ water chemistry monitoring. Although screens, nessland filters can reduce the amount of
sediment on the sensor and may offer greater groteaggainst large debris, the results from our
study suggest they may result in inaccurate readifiile we focused on only SC sensors, our
findings are transferable to a large suite of sembecause flow resistance will impede advection
of any solute or suspended particulate. Furthenymaater quality parameters exhibit similar or
even greater temporal variation as SC values, diregunutrients and dissolved organic matter
(Rode et al., 2016), emphasizing the importancgeator response to changing concentrations.
We note, however, that the transferability of asults to dissolved gas sensors (e.g., dissolved

oxygen, CQ, and CH) is less certain due to potential compensatiomfgas diffusion.

Conclusions

Newin situ sensor technologies have increased the abilitpHect high-frequency
surface water quality measurements, making it ilsipes that researchers use proper installation
techniques to ensure data accuracy. Commonly ussti-«covered or screen housings can
provide better physical protection for sensors; &eav, our findings suggest that they can also
introduce measurement artifacts due to insufficieixing between the water outside and inside
the housing. Thus, while such protective instadlagi can be useful for measuring water stage
(via hydraulic head equilibration), co-located watkeemistry sensors should be placed in a

separate housing with openings for sufficient watethange.
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Tables

Table 1. Physical dimensions and details of housipgs used in the study. Opening size and
density reflect dimensions perpendicular to stréamf

Housing Type  Opening Size Opening Density Housing Length Housing Diameter

(mm) (#/mm) (mm) (mm)
Open (OH) 38.1 (ends) N/A 178 38.1
Holes (HH) 6.3 (holes) 0.08 610 50.8
Screen (SH) 1.3 (slots) 0.2 610 50.8
Mesh (MH) 0.18 (mesh) 3.2 914 50.8

Table 2. Summary statistics for the specific cotalce time series, including meax),(

standard deviatiors§, and coefficient of variation (C.V. (%) = 18@). Statistics were

calculated using data recorded every 15 minutesdsst 24 October 2018 and 14 November
2018, which is the period shown in the Figure 2tiStics for SH at Dismal Creek are not shown
due to data gaps.

Dismal Creek  puScm!) o (uScmb) C.V. (%)

Open (OH) 21 1.9 9.2
Holes (HH) 22 1.7 7.4
Screen (SH) - - -
Mesh (MH) 38 26 70
No Business Creek p (uS cm') o (uS cm?) C.V. (%)
Open (OH) 11 0.19 1.8
Holes (HH) 11 0.17 1.6
Screen (SH) 8.8 0.43 4.9
Mesh (MH) 20 16 80
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Figure 1. Schematic showing the four housing tygesrelative position and orientation of the
specific conductance (SC) sensors in each. Notehtbapen housing was attached to the mesh
housing in both streams, and the holes and scr@esirigs were both attached to a single cinder
block in each stream.
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Figure 2. Specific conductance (SC) measured Hgcated sensors installed in four different
housing types at a) Dismal Creek and b) No Busifeesk. Stream stage is shown at top. Red
arrows denote sensor data download tifdés= open housing; MH = mesh housing; SH =

screen housing; HH = holes housing. Here we present data collected between 24 Octdl3 2
and 14 November 2018, which encompassed a rarfgmiotonditions and revealed
characteristic behaviors of the different sensarsigs.
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Figure 3.Comparison of specific conductance (SC) measurements in the four different housing
types during salt tracer tests at relatively a) low flow (stage = 0.53 m) and b) high flow (stage =
0.74 m) conditions at Dismal Creek, and at relatively c¢) low flow (stage = 0.78 m) and d) high
flow (stage = 0.94 m) conditions at No Business Creek. OH = open housing; MH = mesh
housing; SH = screen housing; HH = holes housing. Discharge (Q) values indicated in each
legend were calculated based on the measured SC changes within each housing type.
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Figure 4 Comparison of calculated discharge, O (L s!), based on SC measurements in three
housing options (MH = mesh housing, SH = screen housing, and HH = holes housing) versus the
open housing (OH) at a) Dismal and b) No Business Creeks. The black lines indicate 1:1
relationships.

This article is protected by copyright. All rights reserved.





