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Abstract Traditional sampling methods for dissolved
organic matter (DOM) in streams limit opportunities for
long-term studies due to time and cost constraints. Passive
DOM samplers were constructed following a design pro-
posed previously which utilizes diethylaminoethyl
(DEAE) cellulose as a sampling medium, and they were
deployed throughout a temperate stream network in
Indiana. Two deployments of the passive samplers were
conducted, during which grab samples were frequently
collected for comparison. Differences in DOM quality
between sites and sampling methods were assessed using
several common optical analyses. The analyses revealed
significant differences in optical properties between sam-
pling methods, with the passive samplers preferentially
collecting terrestrial, humic-like DOM. We assert that the
differences in DOM composition from each sampling
method were caused by preferential binding of complex
humic compounds to the DEAE cellulose in the passive
samplers. Nonetheless, the passive samplers may provide
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a cost-effective, integrated sample of DOM in situations
where the bulk DOM pool is composed mainly of terres-
trial, humic-like compounds.
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Introduction

Dissolved organic matter (DOM) refers to a class of
filterable organic compounds common to soil, marine,
and freshwater habitats. DOM is an essential component
to carbon cycling in aquatic ecosystems but is generally
difficult to collect and characterize (Lam and Simpson
2006). In streams, DOM can be broadly classified as
allochthonous or autochthonous: the former being ma-
terial originating from the terrestrial environment and
the latter being produced within the stream through algal
and microbial activity. Typical compounds released by
stream microorganisms include amino acids, carboxylic
acids, and sugars, whereas terrestrial DOM is composed
of complex carbohydrates, organic acids, and humic
compounds produced from the decay of plant matter
(Kaplan and Newbold 2003). Stream DOM fractions
may provide carbon and nitrogen to stream microorgan-
isms, adsorb to metal oxides and mineral surfaces, do-
nate electrons for oxidation-reduction reactions, or pass
unchanged through a stream network (Leenheer and
Croué 2003; Jaffé et al. 2008). Thus, spatial variation
in DOM throughout a stream system reflects the

@ Springer



4208, Page 2 of 9

Environ Monit Assess (2015) 187:4208

biogeochemical processes and changing sources present
within its watershed (Fellman et al. 2009).

Certain properties of a DOM sample may be identi-
fied using fluorescence analysis. A variety of common
DOM compound classes (humic and fulvic acids, pro-
teins, and some microbial products) possess specific,
measurable fluorescent properties. Each of these com-
ponent types can be described as microbially or terres-
trially derived (Cory and McKnight 2005; Jafté et al.
2008). A fluorescence index (FI) can be used to indicate
a relative abundance of terrestrial and microbial DOM
fractions. The FI is calculated as the ratio of emission
intensities of a sample at 520 and 470 nm at an excita-
tion wavelength of 370 nm (Cory and McKnight 2005).
FI values typically range from 1 to 2 but can exceed 2 in
samples with extremely high microbial production.
Higher FI values (>1.5) indicate a predominantly mi-
crobial source of DOM, whereas lower values indicate
DOM of terrestrial origin (McKnight et al. 2001). The
slope ratio (Sg) compares the slopes of absorbance
between short (275-295 nm) and long (350400 nm)
UV wavelengths and is inversely related to the molecu-
lar weight of DOM in a sample (Helms et al. 2008).
Another common optical metric is specific UV absor-
bance at 254 nm (SUVA,s4), which is used to describe
the aromaticity of DOM (Weishaar et al. 2003). As the
aromaticity of the DOM increases (increasing SUVA,sy4
values), the DOM is presumed to be less bioavailable.

Traditional DOM sampling requires samples to be
concentrated by extraction through columns packed
with Amberlite XAD ion exchange resins (XAD-8 and
XAD-7HP) composed of polymethyl methacrylate. This
provides a rich sampling of all component groups, but
the process requires large volumes of sample water,
which must be acidified to within the functional range
(pH ~2) of the resin. These requirements make long-
term monitoring studies costly, especially in sites with
limited access (Lam and Simpson 2006). In a few stud-
ies, the DOM samples isolated with XAD resins have
been compared to the samples isolated with
diethylaminoethyl (DEAE) cellulose, which functions
best at circumneutral pH. The studies found that DOM
isolated with DEAE cellulose was generally more hu-
mic and less bioavailable in character than DOM isolat-
ed with XAD resins (Hejzlar et al. 1994; Peuravuori
etal. 2002). Lam and Simpson (2006) proposed a design
for a passive DOM sampler utilizing a DEAE cellulose
core. The design allows for a sampler to be deployed in a
stream for up to a month, providing an integrated sample
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of DOM compounds present over an extended period of
time with relatively little cost.

The alternative to passive samplers is the frequent
collection of grab samples, which is often not feasible.
Reliable passive samplers would have many applica-
tions in stream monitoring as well as in long-term stud-
ies of stream biogeochemistry. In this study, the passive
samplers were built based on the design of Lam and
Simpson (2006) and the efficacy of the samplers was
evaluated. The optical properties of DOM extracted
from passive samplers were compared with those from
grab samples collected over two 4-week periods during
the spring and summer of 2011. In addition to the field
study, a laboratory study was conducted to determine
possible effects of the exterior sampler membrane and
adsorptive properties of DEAE cellulose.

Methods
Field study

The passive samplers were constructed following the
methods detailed in Lam and Simpson (2006). Each
sampler consisted of a 7 cmx2.5 cm packet of a
0.45-um pore size polysulfone membrane packed with
0.25 g of DEAE cellulose. Membranes were initially
cleaned by soaking in 0.1 M HCI and ultrapure water.
DEAE cellulose resin was thoroughly cleaned through
ten rinse cycles of 0.1 M HCI and ultrapure water and
then 0.1 M NaOH and ultrapure water. The resin was
then repeatedly washed in ultrapure water to remove any
unwanted residual organic carbon and then freeze-dried
until sampler construction. Membrane packets were
formed using a heat sealer and soaked in 0.1 % sodium
azide solution to inhibit any biofilm formation during
deployment. Next, 0.25 g of resin was packed into each
open membrane packet and the packets were sealed
shut. Sampling packets were enclosed in protective
housings of a 2.5-cm-internal diameter PVC pipe with
caps at each end. Seven 6-mm holes were drilled
through each cap to allow water flow past the sampler
membranes. Housings were strapped to bricks with
cable ties prior to deployment and were oriented parallel
to the stream flow (Fig. 1a).

A total of 30 passive samplers were deployed over
two 28-day periods in early May and late July 2011. For
each sampling period, three samplers were deployed at
five sites on Jack’s Defeat Creek near Ellettsville,
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Fig. 1 a New sampler housing
strapped to brick just after
deployment. b PVC housings
following a 4-week deployment. ¢
Polysulfone membrane cut open
to reveal DOM-laden DEAE
cellulose resin. d NaOH and
DEAE cellulose slurry during an
extraction process

Indiana, USA. The watershed of Jack’s Defeat Creek is
predominantly forest and low-intensity agriculture
(Gardner and Royer 2010). Site 1 was an open, sunny
reach that flowed through a small pasture. Site 2 was
heavily shaded for most of the day and located approx-
imately 1.5 km downstream of site 1. Sites 3 and 4 were
located just upstream and downstream, respectively, of
the outfall from a small wastewater treatment plant. Site
5 was located on a small tributary to Jack’s Defeat Creek
near the location of site 1.

Grab samples for dissolved organic carbon (DOC)
concentration and fluorescence analysis were collected
from each site twice a week during each 28-day deploy-
ment period. Samples were filtered with Whatman GF/F
filters (0.7 wm nominal pore size), and the samples for
DOC concentration were acidified at the time of collec-
tion. A mix of the grab samples from site 1 was created
for each sampling period by combining 5 mL of each
grab sample into a single composite sample. The mix
sample was used for excitation-emission analysis as
described below. Water chemistry and nutrient concen-
trations were monitored throughout the study to charac-
terize each study reach. Samples for nitrate (NO;5 ),
ammonium (NH,"), and soluble reactive phosphorus
(SRP) were filtered on the site with membrane filters
(0.45 um pore size).

Resin-bound DOM extraction

After the passive samplers were retrieved from the
stream (Fig. 1b), the membrane packets were cleaned
with ultrapure water to remove any debris or biofilm on
the exteriors. Packets were then carefully cut open
(Fig. 1c), and all DEAE cellulose was scraped into
centrifuge tubes using a squirt bottle of ultrapure water.
Forty milliliters of 0.1 M sodium hydroxide was added
to each centrifuge tube and agitated to suspend the
cellulose. All tubes were then centrifuged at 2000g for
30 min until the cellulose formed a small pellet. The
extraction process was repeated three more times, and
the supernatant of each extraction was combined, yield-
ing approximately 160 mL of the concentrated sample
from each passive sampler (Fig. 1d).

To avoid modifying the pH-dependent fluorescent
properties, each sample was agitated with 5 g of
Amberjet 1200H Plus resin for 30 min. Further addi-
tions of concentrated NaOH or HCl were added if
necessary to achieve a final pH of 6-8. Samples were
then divided into separate dark HDPE bottles for DOC
analysis and amber glass bottles for fluorescence analy-
sis. Fluorescence samples were diluted prior to analysis
to reduce potential inner filter effects. All the samples
were stored frozen until analysis.
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Sample analysis

DOC concentration was determined via high-
temperature oxidation using a TOC-CPN analyzer
(Shimadzu, Inc., Columbia, MD, USA) with a detection
limit of 0.2 mg L™'. A Lachat QuikChem 8500 Flow
Injection Analysis System (Hach Inc., Loveland, CO,
USA) was used to determine concentrations of SRP,
NO; -N, and NH,"-N. Detection limits were 5 ug L
for SRP, 3 pg L' for NO; -N, and 10 pg L™ for NH,"-
N. For the DOC and nutrient analyses, blanks, dupli-
cates, and commercial standards were measured to en-
sure the accuracy of the measured concentrations.
Absorption spectra were measured over a range of 200
to 600 nm at 1-nm intervals using a spectrophotometer
(model UV-2101PC; Shimadzu, Inc.) and a 1-cm glass
cuvette, while excitation and emission data were col-
lected using a luminescence spectrophotometer (model
LS-50B; Perkin-Elmer, Inc., Waltham, MA, USA) and a
1-cm quartz cuvette. Emission was measured from 300
to 550 nm (2-nm intervals) over excitation wavelengths
of 240 to 450 nm (10-nm intervals) using a 5-nm slit
width.

Fluorescence indices and slope ratio were measured
for all grab samples and extracted samples in the field
and laboratory studies. FI was calculated as the ratio of
emission intensities at 520 and 470 nm and excitation at
370 nm, after data were corrected from a blank Raman
scan and absorbance data (Cory and McKnight 2005).
Linear regressions were performed on log-transformed

absorption data over the ranges 275-295 and 350—
400 nm. Sg was calculated as Sg = % , where S is
the slope of the regression equation for the respective
range of wavelengths (Helms et al. 2008). SUVA,s4 was
determined by dividing the blank-corrected absorbance
of'a sample at 254 nm by the DOC concentration in that

sample (Weishaar et al. 2003).

Membrane effects

In addition to field deployment of passive sampler units,
a laboratory study was conducted to assess potential
differences in DOM sorption due to the polysulfone
membrane. A large grab sample was collected from site
1 in June 2012. The grab sample was returned to the
laboratory on ice within 15 min and filtered as described
above for fluorescence samples. The sample was treated
with sodium azide to a 0.005 % solution to prevent any

@ Springer

potential microbial DOM consumption during the
experiment.

The sample was then divided into nine 400-mL am-
ber glass bottles. In addition, the initial DOC and fluo-
rescence samples were removed and frozen. Three of the
amber bottles were treated with a membrane-bound
DEAE cellulose packet identical to those used in the
field study, three were treated with 0.25 g of free-
floating DEAE cellulose, and three were used as control
samples.

The samples were incubated for 21 days on a shaker
table at a moderate speed. Solar exposure was limited by
storage in the amber bottles out of direct sunlight. After
the test period, the samples for DOC and fluorescence
analysis were drawn off from the control container and
residual water from DEAE cellulose test containers.
Free-floating resin was removed via filtration, and
resin-bound DOM was extracted for DOC and fluores-
cence analysis as described above.

Statistical analyses

Because normality could not be confirmed, the Kruskal-
Wallis test, with a=0.05, was used to examine the
effects of site and sample type (grab vs. extract) on slope
ratio, fluorescence index, and SUVA,s4. A one-way
ANOVA was used to examine differences among treat-
ments in the membrane-effects experiment, for which
the normality of the data was confirmed using the
Shapiro-Wilk test. All statistical analyses were per-
formed in IBM SPSS Statistics (v. 20; IBM Corp.,
Armonk, NY, USA).

Results
Stream chemistry

Total rainfall during the May deployment was 8.6 cm
compared to 2.2 cm during the July period. Water tem-
perature averaged about 18 °C in May and increased to
about 25 °C in July. All of the sites had circumneutral
pH and specific conductivity of 400-500 uS cm'
(Table 1). Mean DOC concentrations were typically
around 3 mg L', although the samples with
>5 mg L' of DOC were occasionally collected.
NH,"-N was below the detection limit at all sites,
whereas NO; -N concentrations were >1 mg L™ in
May. SRP was low at all sites except site 4, which was
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Table 1 Mean (n=5) nutrient and water chemistry conditions in each of the stream sites during the May and July sampling periods

DOC (mg L™ pH

Specific conductivity
(1S cm !at 25 °C)

Site SRP (ug L™ NO; -N (mg L™
May
1 11 (4-21) 1.45 (1.08-1.73)
2 11 (3-22) 1.56 (1.30-1.78)
3 9 (2-23) 1.32 (1.02-1.45)
4 207 (35-448) 3.39 (1.20-4.63)
5 11 (4-19) 1.57 (1.29-1.91)
July
1 27 (15-30) 0.28 (0.21-0.48)
2 22 (21-33) 0.52 (0.44-0.68)
3 27 (18-24) 0.34 (0.28-0.56)
4 198 (93-457) 16.0 (8.82-28.3)
5 21 (20-38) 0.46 (0.26-0.81)

2.92 (2.22-4.12)
2.69 (1.72-4.39)
2.57 (1.52-4.00)
3.19 (2.27-4.42)
2.33(0.37-3.11)

329 (2.19-5.60)
3.09 (2.1-6.17)

2.97 (1.79-5.93)
529 (4.00-6.08)
2.84 (1.54-5.52)

8.09 (7.85-8.33)
8.12(7.93-8.31)
8.05 (7.90-8.20)
8.03 (7.83-8.23)
8.04 (7.83-8.25)

7.59 (7.34-7.83)
7.35 (7.09-7.60)
745 (7.16-7.73)
7.34 (7.09-7.59)
7.66 (7.36-7.97)

418 (375-460)
431 (376-486)
446 (417-474)
443 (386-500)
457 (404-510)

468 (437-499)
482 (442-521)
476 (432-519)
523 (487-559)
488 (427-548)

Values in parentheses are the measured range for each variable. Ammonium was below the detection limit of 10 ug N L™ in all samples

located downstream of the WWTP outfall. Site 4 had the
highest concentrations of NO3 -N, SRP, and DOC
throughout the study (Table 1).

Field study optical analyses

There were significant differences in FI between the
grab and extract samples in both May (p=0.002) and
July (p<0.0005) deployments (Fig. 2). No statistically
significant differences were observed between sites
within the extract samples, although the site 4 grab
sample FI values were significantly higher than all other
sites during the July deployment and all but site 5 during
the May deployment. There were differences in Sg
between sampling methods (»p=0.048) and sites within
the grab samples (p=0.003) during the July deployment.
SUVA, s, was significantly higher in the extract samples
from all sites during both deployments (p<0.0005).
Overall, the grab samples had higher mean FI values
than did the extract samples, whereas the extract sample
had much higher mean SUVA,s4 than did the grab
samples (Fig. 3). The mean Sy values were often similar
between the grab and extract samples. The samples from
site 4 consistently had the highest values for FI and,
within a sampling period, deviated the most from the 1:1
line for Sy (Fig. 3). To illustrate differences in optical
properties between the sampling methods, Fig. 4 shows
comparisons of excitation and emission matrices from
the site 1 grab sample mixtures and extract samples.

Membrane effects

The initial sample FI averaged 1.4, and following incu-
bation, there were no differences in FI values among the
three treatments (one-way ANOVA, p>0.05), with each
having a mean FI value of 1.5. For SUVA 54, both of the
DEAE cellulose treatments (packet and free-floating
resin) were different from the control (one-way
ANOVA, p<0.001; Tukey’s post hoc test, p<0.05),
but not different from each other. The mean (%1 standard
error) SUVA,s4 was 0.059+2 x 1075, 0.012+0.002, and
0.011+£0.002 for control, packet, and free-floating resin
samples, respectively. A similar result was found for Sg,
in which the DEAE cellulose treatments both differed
from the control, but not from each other based on
Tukey’s post hoc comparisons (one-way ANOVA,
2<0.024 for main effect). The mean (1 standard error)
Sr was 0.71+0.18, 1.06+0.07, and 1.04+0.10 for con-
trol, packet, and free-floating resin samples,
respectively.

Discussion

Polysulfone membrane effects

While Sz and SUVA,s4 were different between the
control and extract samples in the laboratory study,

neither of these were statistically different between
membrane-bound and free-floating resin extracts.
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There were no significant differences between FI values
in the laboratory study. Given the close similarities in
optical properties between the extract treatments, it is
unlikely that the membrane effectively excludes any
dissolved compounds that the resin is capable of
adsorbing.

Differences in optical properties between sampling
techniques

No extract sample had an FI value exceeding 1.7. This
held true even at site 4 during the summer sampling,
where the grab sample FI values often exceeded 2.
Compared to the other sites, site 4 received more micro-
bial DOM due to the input of effluent from the
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wastewater treatment plant and was the only site for
which FI differed significantly between the two
sampling methods. The extract samples never
indicated dominance of DOM of microbial origin.
However, based on the grab sample FI values, the
DOM at site 4 was predominantly microbial in origin.
Lam and Simpson (2006) found low molecular weight
sugars to be slightly lower in extract samples than grab
samples using NMR analysis. Their explanation was
that such sugars are relatively soluble and may not
remain adsorbed to the DEAE cellulose for the entire
sampling period. Though sugars do not fluoresce, if
similar low molecular weight, fluorescent microbial
DOM compounds do not remain tightly bound to ad-
sorption sites over the study duration, FI values from the
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extract samples may underrepresent the microbial con-
tribution to the DOM pool. This could explain the
discrepancy in FI values between the grab and extract
samples at site 4.

Sk was significantly higher in the site 4 grab samples
than in corresponding extracts and other sites. As Sy is
inversely related to the average molecular weight of
DOM, it follows that DOM extracted from the samplers
was generally larger than the average for bulk DOM in
the stream (Helms et al. 2008). Treated wastewater
DOM is composed of relatively small microbial prod-
ucts (Imai et al. 2002), which is reflected in Sk data from
the site 4 grab samples, but not extracts. In both study
periods, SUVA,s, was greater in the extract samples
than in the grab samples at all sites. This suggests that
aromatic DOM was preferentially collected by the
DEAE cellulose, while less aromatic compounds were
more likely to be missed by the samplers. Higher
SUVA,s, values are generally associated with humic-
like DOM of terrestrial origin (Jaffé et al. 2008), which
supports the findings from FI and Sk analyses, suggest-
ing that the extracts contained a greater proportion of
large molecular weight, terrestrial DOM (Fig. 2).

0.6 1.2 1.8 24 3.0 3.6 42 48 54
Grab Samples

Figure 4 illustrates the differences and similarities in
excitation-emission matrices (EEMs) collected using the
two sampling methods. In all samples, fluorescence was
prominent in a region associated with terrestrial humic-
like fluorescence [excitation (ex.) 260 nm, emission (em.)
400460 nm]. Grab sample mixtures also featured fluo-
rescence in a region (ex. 275 nm, em. 305-340 nm)
typically associated with protein-like autochthonous prod-
ucts. This region of fluorescence was present in the extract
samples, but at lower relative intensities. This difference
was particularly evident in the May sampling period and
suggests that these compounds were not effectively col-
lected by the resin. Extract EEMs had relatively greater
intensity in a region characterized by microbial humic-
like fluorescence (ex. 240 nm and 290-310 nm, em.
350400 nm and 370420 nm), indicating another differ-
ence in the quality of DOM collected between the two
techniques (Coble 1996; Parlanti et al. 2000).

Traditional sampling techniques

Studies on the sampling capabilities of DEAE cellulose
have shown the resin to be quite effective at adsorbing
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Fig.4 Excitation-emission matrices from the site 1 grab sample mixtures (/eff) and passive sampler extracts (right) from May (top) and July

(bottom). Color bars indicate fluorescence intensity in Raman units

humic acids due to their many functional groups (Miles
et al. 1983). DOM sampling from forested temperate
lakes showed that 30-80 % of DOM adsorbed to DEAE
cellulose was composed of humic acids, compared to
21-57 % from the same lakes using the traditional
column extraction method (Peuravuori et al. 2002).
DEAE cellulose relies on adsorption by charged func-
tional groups, but the traditional method using
polymethyl methacrylate resins employs a fundamental-
ly different mechanism. Acidification is required for
samples extracted onto polymethyl methacrylate resins
to reduce the ionic character of the DOM, which then
relies on Van der Waals forces to keep the nonionic
surfaces adsorbed. During the passive sampler deploy-
ment, weakly adsorbed DOM (e.g., low molecular
weight compounds) may be gradually replaced with
terrestrial humic compounds due to their greater abun-
dance of functional groups. As large humic substances
make up a greater fraction of terrestrial DOM than of
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microbial DOM (Kaplan and Newbold 2003), this pref-
erential adsorption may also explain the lower FI values
seen in site 4 extracts, a site that is clearly dominated by
microbial DOM from the treated wastewater effluent.

Conclusions

Optical analyses revealed statistically significant differ-
ences in DOM quality between sampling techniques and
suggested that the passive samplers indicate higher
abundances of high molecular weight, terrestrial DOM
than might actually occur in a given stream. The extent
to which this matters for a study depends on the type and
scale of questions being addressed. In the present study,
differences in two of the optical metrics between sam-
pling methods were significant only at a site receiving
treated wastewater effluent. Although the passive sam-
plers appeared to neglect some microbial DOM, they
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likely are useful for studies in forested headwaters or
other systems with predominantly terrestrial DOM in-
puts. Additionally, the passive samplers provide an in-
expensive, time-integrated sample of DOM that can be
readily isolated and analyzed. Caution is warranted,
however, in relating DOM collected with passive sam-
plers to microbial community structure or biogeochem-
ical processes, both of which might be dependent on
labile, low molecular weight DOM rather than the ter-
restrial, humic DOM captured by the DEAE cellulose.
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