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Rates of diel (24-h) biogeochemical processes in rivers and their effect on daily changes in the concentration of 
metals and metalloids have been well documented in the literature over the last 20 years. Investigations into 
the effects of these processes on aquatic systems and the underlying mechanisms that control the processes can 
significantly improve our understanding of how natural aquatic environments function and will respond to 
changing environmental conditions and anthropogenic impacts. Daily changes in the rates of biogeochemical 
processes have, more recently, been shown to influence the stable isotope composition of dissolved oxygen and 
dissolved inorganic carbon in natural waters. Here we present a comprehensive picture of the persistence and 
reproducibility of diel cycles of the 18O composition of dissolved molecular oxygen (δ18O-DO) and the 13C 
composition of dissolved inorganic carbon (δ13C-DIC) across five Montana, USA rivers investigated over a 4-
year period. A mesocosm experiment showed the same behavior in δ18O-DO and δ13C-DIC as seen in riverine 
settings across light and dark periods. 
A cross plot of δ18O-DO and δ13C-DIC from each stream exhibits a clockwise elliptical pattern which is attri-
buted to the daily changes in the balance of metabolic rates as well as air–water gas exchange. The amplitude of 
the change in the isotope composition is shown to be directly related to the trophic state of the river and a 
relationship between net productivity and diel changes in δ18O-DO and δ13C-DIC is presented. This relationship 
between trophic status with δ18O-DO, δ13C-DIC and production emphasizes the significance of how rates of 
biogeochemical processes in natural systems can influence the daily changes in the composition of surface 
waters. 

© 2009 Elsevier B.V. All rights reserved. 
1. Introduction 

Diel processes in flowing surface waters are regular, dynamic 
changes in physical and biogeochemical parameters that occur over 
24-h periods and play an integral role in the health of natural water 
systems. Normally functioning rivers can exhibit large diel pH, O2 and 
CO2 cycles that are largely driven by aquatic plants and microbes alter-
nately consuming or producing CO2 depending on whether photosyn-
thesis or respiration is the dominant process (Odum, 1956; Pogue and 
Anderson, 1994; Nagorski et al., 2003; Parker et al., 2005). 

Many studies have detailed diel concentration fluctuations of metals 
and arsenic in streams (e.g., Nimick et al.,1998, 2003, 2005; Jones et al., 
2004; Gammons et al., 2005a,b; Parker et al., 2007a,b and references 
therein). Although these studies have contributed to the knowledge 
+1 406 496 4135. 
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and understanding of diel processes, there is much that is not well 
understood. Rivers are biologically productive and physically dynamic 
systems that host a myriad of chemical interfaces between ambient air, 
the mixed water column, suspended solids, biofilm and periphyton, 
hyporheic ground water, and mineral substrates. There is a critical 
need to better understand the interrelationships between the various 
phases and components. Knowledge of the underlying mechanisms 
controlling diel concentration changes will allow us to make better 
predictions of how rivers and streams will react to changing conditions 
of eutrophication, climate change, drought, industrialization, and other 
variables. 

Analysis of the 18:16-O composition of dissolved molecular oxygen 
(δ18O-DO) and the 13:12-C ratio in dissolved inorganic carbon (δ13C-
DIC) in surface waters has shown that photosynthesis, respiration and 
gas exchange can influence the isotope composition of DO and DIC 
(Quay et al.,1993,1995; Wassenaar and Koehler,1999; Russ et al., 2004; 
Parker et al., 2005, 2007b; Tobias et al., 2007; Venkiteswaran et al., 
2007, 2008). The global average δ18O of atmospheric oxygen is 23.5‰ 
(Kroopnik and Craig, 1972) and minor fractionation during air–water 
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Table 1 
Sites sampled including dates, times, isotopes samples collected, other parameters measured, elevation, flow and location. 

Site Date(s)/time Isotopes collected Other parameters sampled Stream order Flow avg, L s− 1 (range) Elev. (m) Location 

CFR1a 7/31/03, 11:30–8/1/03, 14:00 
BHR1b 8/21/04, 07:00–20:00 
BHR2b 9/24/04, 17:30–9/25/04, 18:00 
DF1c 8/9/05, 18:00–8/10/05, 22:00 
MWB2d 8/17/05, 16:30–8/18/05, 16:30 
MWB3d 8/17/05, 15:30–8/18/05, 15:30 
CFR2 7/27/06, 11:15–7/28/06, 13:15 
BHRG1 8/8/06, 10:00–8/9/06, 11:00 
SBC3 7/23/07, 10:00–7/24/07, 10:00 
BHRG2 7/31/07, 10:30–8/1/07, 10:00 

δ13C-DIC pH, T, DO, pCO2, Alk Second 790 (711–869) 1379 46°23′N, 112° 44′W 
δ18O-DO pH, T, DO Second ∼5200⁎ 1753 45°51′N, 113°05′W 
δ18O-DO, δ13C-DIC pH, T, DO Second NA 1753 45°51′N, 113°05′W 
δ18O-DO, δ13C-DIC pH, T, DO First 280 (269–337) 1683 47°03′N, 110° 40′W 
δ18O-DO, δ13C-DIC pH, T, pCO2, Alk Second NA 1475 46°10′N, 112° 47′W 
δ18O-DO, δ13C-DIC pH, T, DO, pCO2, Alk Second 460 (440–490) 1470 46°10′N, 112°47′W 
δ13C-DIC pH, T, DO Second 1170† (1076–1218) 1379 46°23′N, 112° 44′W 
δ13C-DIC pH, T, DO, Alk Second 1614† (850–1953) 1792 45°48′N, 113°18′W 
δ18O-DO, δ13C-DIC pH, T, DO, Alk First 406 (325–485) 1634 46°00Z′N, 112°36′W 
δ13C-DIC pH, T, DO, Alk Second 2698† (2379–3030) 1792 45°48′N, 113°18′W 

All times are MDT (−0600 GMT); T = temperature; DO = dissolved oxygen; pCO2 = partial pressure wet CO2; Alk = alkalinity; NA = not available. ⁎Flow at BHR-2 is an estimate 
based on measured flow 2 weeks before this event.; †Flow at CFRG and BHRG from USGS gage adjacent to sampling site. 

a Parker et al. (2007a). 
b Parker et al. (2005). 
Nimick et al. (2007). 

d Gammons et al. (2007). 
gas exchange drives aqueous DO to an equilibrium value of 24.2‰. 
Photosynthesis by aquatic photoautotrophs produces DO that is similar 
in isotopic composition to the source water (Guy et al., 1993; Telmer 
and Veizer, 2000) and since the δ18O-H2O of most natural waters is 
lower than the δ18O of air, photosynthesis tends to lower the δ18O-DO 
in a river, lake or ocean water. This is particularly true in regions like 
Montana, USA that have meteoric water which is isotopically depleted 
relative to ocean water due to a cold climate and/or high continentality 
(Clark and Fritz, 1997; Gammons et al., 2006). Conversely, community 
respiration causes kinetic isotopic fractionation that increases the δ18O 
of residual DO in the water (Kroopnik, 1975; Guy et al., 1993). The 
result of these contrasting effects is that the δ18O-DO signature in a 
river tends to decrease to lower values during the day, and increase 
to higher values during the night (Parker et al., 2005; Tobias et al., 
2007; Venkiteswaran et al., 2007, 2008). 

Venkiteswaran et al. (2007) developed the “PoRGy” model to con-
struct diel δ18O-DO curves using published equilibrium and kinetic 
isotopic enrichment factors and user-defined input data on DO con-
centrations and metabolic (photosynthesis, P; respiration, R) and gas 
exchange (G) rates. However, the model does not include the possible 
accrual of DO from ground water discharge into the study system. In 
highly productive systems, contributions of O2 from ground water 
may be negligible compared to the oxygen dynamics driven by photo-
synthesis and respiration but this may not be the case in less produc-
tive waters. Tobias et al. (2007) showed that δ18O-DO data can be used 
to determine the relative and absolute rates of photosynthesis (P) and 
respiration (R) during a 24-h period and pointed out that R changes as 
a function of temperature and the metabolic state of activity. Although 
the model of Tobias et al. (2007) does include possible contributions 
of O2 from ground water discharge, the input data needed to calibrate 
the model may be difficult to obtain. 

Although it has received less attention in the literature, changes in 
the stable isotopic composition of dissolved inorganic carbon (δ13C-
DIC) can also theoretically be used to track diel changes in metabolic 
rates. During photosynthesis, when CO2 concentration is not diffusion 
limited, aquatic photoautotrophs utilize 12CO2 as a C-source at a faster 
rate than 13CO2 (Falkowski andRaven,1997); consequently, the remain-
ing DIC is isotopically enriched. Conversely, community respiration 
produces CO2 that has an isotopic signature similar to that of the in-
digenous vegetation (Clark and Fritz, 1997). In temperate regions such 
as Montana, C3 plants are the dominant species in both aquatic and 
terrestrial regimes with δ13C values in the range of −20 to −30‰ 
(Clark and Fritz, 1997). Thus, in the absence of competing reactions, 
biological processes tend to increase δ13C-DIC during the day, and de-
crease δ13C-DIC during the night, a pattern which is the reverse of 
δ18O-DO. However, because the average 24-h concentration of DIC in 
most natural waters is much larger than that of DO, the magnitude of 
the diel change in δ13C-DIC induced by biological reactions is usually 
smaller than that of δ18O-DO. As well, a number of confounding cir-
cumstances may obscure the biological signal in δ13C-DIC, including 
air–water gas exchange, influx of DIC from high-alkalinity ground 
water, and precipitation or dissolution of carbonate minerals. Atmo-
spheric CO2 in the western USA is typically in the range of −7.5 to 
−8.5‰ (NOAA, 2008). Equilibrium fractionation during dissolution 
of CO2(g) into water should produce CO2(aq) with δ13C=  −8.2 to 
−9.7‰, and HCO3 

− with δ13C=  −1 to  +3‰ (Clark and Fritz, 1997). 
However, because complete equilibrium is rarely attained between DIC 
in the various air, water, and mineral phases, the 24-h average δ13C-DIC 
of a given surface water may deviate substantially from what would be 
predicted based on equilibration with atmospheric CO2. Finlay (2003) 
showed that in 6 streams in Northern California δ13C-DIC was most 
strongly influenced by pCO2, not pH, Ca2+ or watershed area; suggest-
ing that stream productivity and its impact on pCO2 will be the most 
important determinant of stream δ13C-DIC. 

Although previous workers have reported diel changes in either 
δ13C-DIC or δ18O-DO, there has been no study to date, other than Parker 
et al. (2005), that combines these two parameters across a broad range 
of river conditions. This paper examines the behavior of δ13C-DIC and 
δ18O-DO from five Montana rivers over a period from July 2003 to July 
2007 (Table 1) and relates this behavior to the net productivity (i.e., 
trophic state) of the system. Three of the isotope data sets have been 
published previously and are included here with five new data sets to 
help construct a comprehensive picture of the influences of in-stream 
diel biogeochemical processes on the stable isotope composition of DO 
and DIC. The effects of high nutrient concentrations of anthropogenic 
origin on δ13C-DIC and δ18O-DO are also reported here for one field site 
downstream from a municipal waste water outfall. Additionally, a labo-
ratory mesocosm experiment was performed to investigate the effects 
of photosynthesis and respiration on the isotopic systematics of DO 
and DIC under controlled conditions. 

2. Field sites 

Geographic locations, sampling dates, isotopes sampled and aver-
age water chemistries for each field investigation are given in Table 1 
and Fig. 1. Sampling locations in the Clark Fork River watershed in-
clude one site on Silver Bow Creek (SBC3) near the city of Butte, two 
sites on the Mill-Willow Bypass (MWB2 and MWB3) near the town of 
Warm Springs, and two sites on the Clark Fork River (CFR1 and CFR2) 
near the city of Deer Lodge. All of these locations lie within the upper 
Clark Fork River National Priority Area, which is the largest EPA Super-
fund site by land area in the USA. The mining and smelting centers of 
Butte and Anaconda are situated at the headwaters of the upper Clark 
Fork River along Silver Bow and Warm Springs Creeks, respectively 
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Fig. 1. Location map showing the sampling sites in the Clark Fork (a), Big Hole (b) and Belt Creek (c) watersheds. Relative locations in Montana are indicated in the lower left panel. 
(Fig. 1a). Besides being negatively impaired by residual heavy metals 
(e.g., Moore and Luoma, 1990; Hochella et al., 2005), these waters also 
suffer high nutrient loads and are therefore subject to seasonal algal 
blooms and chronic eutrophication. This is particularly true of Silver 
Bow Creek at SBC3, which is located only a few km downstream of the 
municipal sewage treatment plant of Butte (pop. ∼35,000). 

The Mill-Willow Bypass (Fig. 1a) is a partially engineered second-
order, meandering stream course which directs the combined flows of 
Mill Creek and Willow Creek around the Warm Springs Ponds Opera-
tional Unit, a large pond and wetland area used to remove Cu and 
other heavy metals from Silver Bow Creek; additional details can be 
found in Duff (2001), EPA (2005), and Gammons et al. (2007). The 
two sampling locations in this study at Mill-Willow Bypass are located 
900 m (MWB2) and 50 m (MWB3) upstream of the confluence with 
the treated discharge from the Warm Springs Ponds Operational Unit. 
The stream distance between sites was estimated from aerial photo-
graphs to be ∼1300 m. 

The upper Clark Fork River (Fig. 1a) is formed from the confluence 
of Silver Bow Creek and Warms Springs Creek, about 1.7 km down-
stream from the MWB3 site described above. This section of the Clark 
Fork is a second-order stream with a discharge ranging from 600 to 
6000 L s− 1, depending on the time of year. The CFR1 and CFR2 sam-
pling sites referred to in this paper are approximately 2.8 and 1.8 km 
upstream, respectively, from the site used in the 1994 diel study of 
Brick and Moore (1996). The CFR1 site reported here is the AS2 site of 
Parker et al. (2007b). The CFR2 site is adjacent to the USGS gaging 
station (12324200) at Deer Lodge. 

Two locations were sampled on the Big Hole River, a major tribu-
tary of the upper Missouri River (Fig. 1b). The Big Hole River drains a 
high elevation basin of approximately 7200 km2, and is free-flowing 
throughout its 243 km length. The river is relatively pristine and 
highly prized as a wild trout fishery, and the watershed is sparsely-
populated with few historical impacts from mining or industrial 
sources (see BHRG2, Table 2). The field site used in 2005 is near the 
Dickie Bridge section of the middle reach of the Big Hole (see Parker 
et al., 2005) and two separate samplings at this site are reported 
here, labeled BHR1 and BHR2. The BHRG site is approximately 25 km 
upstream from Dickie Bridge directly adjacent to USGS stream gaging 
station 06024540. Two separate samplings were conducted at BHRG; 
named BHRG1 and 2. 

Diel isotopic data were also collected on the Dry Fork of Belt Creek 
(DF1), a fast flowing mountain stream approximately 70 km southeast 
of Great Falls, MT (Fig. 1c, Table 1). This small, first-order stream has 
been heavily impacted by historical mining operations. Collection of 
isotopic samples reported in this study coincided with a field experi-
ment which examined the effects of daily concentration changes of 
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metals (e.g., Zn, Cd) on survival of juvenile trout (Nimick et al., 2007). 
The streambed at DF1 was visibly devoid of significant periphyton, 
most likely due to the steep gradient, low trophic status and high 
concentrations of metals that are toxic to aquatic life (e. g., Cu, Cd, Zn; 
Table 2). 

3. Methods 

3.1. Field methods 

In situ temperature, pH, DO and specific conductivity were mea-
sured at each sampling site usually hourly or every other hour with 
an in situ Troll 9000 or Hydrolab MS5 datasonde and/or a hand-held 
meter (WTW-340i). The instruments were calibrated according to 
manufacturer's specifications using standard buffers for the pH elec-
trode and water saturated air for the DO probe. The accuracy of the DO 
probes was cross-checked by split analysis of selected samples using 
the Winkler method (Wetzel and Likens,1991). The DOprobe atMWB2 
failed and consequently DO data were not recorded for that site. 

A submersible autonomous moored instrument (SAMI-CO2, De-
Grandpre et al., 1995, 1999) for measuring pCO2 was deployed at CFR1, 
MWB2 and MWB3. Each SAMI-CO2 recorded pCO2 (μatm) and tem-
perature at 15 min intervals throughout the diel sampling. The SAMI-
CO2 instruments were calibrated prior to deployment, and precision of 
the wet pCO2 determination is estimated to be ±12 μatm at 1400 μatm 
(Baehr and DeGrandpre, 2004). Values of pCO2 were not measured for 
BHR2, BHRG, CFRG and DF1 but were calculated using CO2SYS (Lewis 
and Wallace, 1998) with the measured pH, temperature and alkalinity. 
Total alkalinity of unfiltered water was measured onsite using the 
open-cell potentiometric titration method (Dickson et al., 2003) and 
Granplot analysis (Edmond,1970). Thismethodwas estimated to have 
a precision within ±10 µeq kg− 1 based on replicate titrations and 
an accuracy of ±10 µeq kg− 1 based on the titration of four low ionic 
strength sodium carbonate standards. 

Samples for stable isotope analysis of 18O of dissolved oxygen (δ18O-
DO) were collected at BHR1, BHR2, DF1, MWB2, MWB3 and SBC3. 
Samples were collected in septum capped, acid-washed, pre-evacuated 
125 mL serum bottles containing 50 μL of saturated HgCl2 (Wassenaar 
and Koehler, 1999; Parker et al., 2005). Samples were collected in the 
field by puncturing the septum with a syringe needle while holding 
under water in a well-mixed, flowing section of the stream, approxi-
mately half-way between the surface and the bottom. The bottles were 
allowed to fill until pressure equilibrated and the needle was removed 
under water. The headspace in these bottles that was created by exso-
lution of the dissolved gases was later sampled for isotope analysis of 
DO. 

Filtered water samples for 13C-isotope analysis of dissolved inor-
ganic carbon (δ13C-DIC) were collected during all sampling events 
listed in Table 1 using a peristaltic pump and disposable 142 mm diam-
eter 0.1-µm cellulose-ester filter membranes (Gammons et al., 2005a) 
or 0.2 μm PES syringe filters (Parker et al., 2005). These samples were 
collected in 125 mL acid-washed glass bottles with plastic conical 
liners with no headspace and the DIC was precipitated in the labo-
ratory as SrCO3 after Usdowski et al. (1979). Samples (filtered) for 
δ18O-H2O determination were collected in 4 mL glass vials with plastic 
conical liners. 

A light detector (LI-192SA, LI-COR) was used to measure photosyn-
thetically active radiation (PAR) flux values (400–700 nm, μEm− 2 s− 1) 
which were based on the manufacturer's calibration of the sensor. The 
non-photosynthetic period (dark period) for field and laboratory work 
was determined by a PAR signal of zero and was: 22:00 to 06:30 
at BHR1; 19:00 to 07:30 at BHR2; 21:00 to 06:30 at DF1, CFR1, CFR2, 
BHRG, MWB2 and 3; and SBC3. Diel graphs that compare isotope pat-
terns across multiple sites show a shaded region approximating the 
dark period from 21:00 to 06:30. All time references are local time 
(MDT, -06:00 GMT). 
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Fig. 2. Diel changes in δ18O-DO (a) and % saturation of DO (b) for all sites where δ18O-
DO samples were collected. Shaded panels in all diel graphs approximate the night time 
period (PAR 0). DO data were not collected for MWB2 but should be similar to MWB3. 
All samples collected in the field were stored on ice, in sealed plastic 
bags and returned to the laboratory immediately following the field work. 

3.2. Laboratory methods 

All mesocosm experiments were performed in 20 L aquarium 
tanks fitted with a recirculating waterfall for aeration and a 25 W full-
spectrum grow light. The tank experiment used cobbles (2 to 10 cm 
diameter) coated with biofilm and attached periphyton collected from 
the Clark Fork River near the CFR1 sampling site (Fig. 1a, see Parker 
et al., 2007b) and placed in the tanks, covering the bottom. Tanks were 
filled with river water collected at the same site. Prior to experimental 
work the tanks were set to a 12-h lights-on and lights-off sequence for 
approximately 2 months to allow the biota to grow and adapt to the 
tank environment. No temperature control was used during this adap-
tation period. Water lost to evaporation was replaced with deionized 
water. At the time of the experiment the concentration of dissolved 
inorganic carbon (DIC) was adjusted to ∼2 meq L− 1 by the addition 
of NaHCO3 in order to have sufficient DIC for sampling purposes. No 
further adjustments or water additions were made during experimen-
tal periods. 

The experiment also used a control tank that was filled with 
deionized water and had no cobbles with periphyton but did have 
added NaHCO3 (described above). Additionally, HgCl2 was added to 
the control tank to an approximate concentration of 0.05 mM to retard 
biological activity. A circulating temperature controller was connected 
to coiled copper tubing in the experiment and control tanks. The 
temperature in the mesocosm and control tanks ranged between 12.5 
and 13.5 °C. Samples were collected from both the experiment and 
control tanks for δ18O-DO, δ13C-DIC and δ18O-H2O as described in field 
methods. Diuron® (C9H10Cl2N2O; DCMU), which specifically interrupts 
electron transport by photosystem II, was added (0.5 mM) during the 
course of the mesocosm experiment to inhibit photosynthesis (see 
Morris and Meyer, 2007). Aerobic respiration is not inhibited by DCMU. 
The temperature, pH and DO were measured in each tank with remote 
datasondes and a hand-held meter as described in field methods. 

3.3. Analytical methods 

Samples for δ18O-H2O determination were analyzed after Epstein 
and Mayeda (1953) by the CO2 equilibration technique, using a Micro-
mass Aquaprep device interfaced to a dual inlet Micromass Isoprime 
stable isotope ratio mass spectrometer. Samples (SrCO3) for δ13C-DIC 
were analyzed using a Eurovector elemental analyzer interfaced to a 
Micromass Isoprime stable isotope ratio mass spectrometer after 
Harris et al. (1997). Analysis of samples for determination of δ18O-DO 
followed the methods of Wassenaar and Koehler (1999) using a head-
space equilibration technique. Isotope values are reported in units of ‰ 
in the usual δ notation versus VSMOW for oxygen and VPDB for carbon. 
Replicate analyses indicated a relative error of ±0.1‰ for δ18O-DO and 
±0.05‰ for δ13C-DIC. 

Analytical details for determination of dissolved metals at CFR1, 
MWB and DF1 have been previously reported (Parker et al., 2007b; 
Gammons et al., 2007; Nimick et al., 2007). Filtered, acidified (1% v/v 
HNO3) samples at CFRG and SBC were collected using the above de-
scribed peristaltic pump and filter system for metals. 

Major and trace element concentrations of acid-preserved filtered 
samples were determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) and anions in unacidified samples by ion 
chromatography (IC). These data are presented here as supporting in-
formation for purposes of general characterization of the waters being 
sampled only and the analytical methods are not described in detail 
(see also Gammons et al., 2005a, 2007; Parker et al., 2007a,b). Ammonia 
(NH3+NH4 

+) was determined using filtered water by Hach method 
8038 (Nessler) with an estimated detection limit of 4 μmol L− 1 and an 
approximate precision (SD) of ±1 μmol L− 1. 
4. Results and discussion 

4.1. Field parameters 

Average, minimum and maximum values for pH, temperature, 
alkalinity, specific conductivity (SC), dissolved oxygen (DO, % sat and 
μmol L− 1), and selected analytes are listed for the ten diel data sets 
included in this paper (Table 2). All of the streams showed significant 
diel changes in pH (N0.9 units) and DO (N40% change in saturation) 
with the exception of DF1 (ΔpH ≅ 0.05; ΔDO ≅ 6% sat). 

4.2. Field δ18O-DO diel cycles 

Consistent diel patterns in δ18O-DO were seen at most of the sites 
reported here, with 24-h changes in δ18O (Δδ18Ο-DO) of 7.7 to 21.6‰ 
(Fig. 2a). In contrast, DF1 had a very narrow range in δ18O (Δδ18O-
DO=0.6‰ ) and a 24-h average δ18O-DO of 23.2‰, which is 1‰ below 
the atmospheric equilibrium value of 24.2‰ but close to the global 
atmospheric value of 23.5‰. At night the δ18O-DO at DF1 did not 
increase above atmospheric equilibrium. Most sites had a minimum to 
maximum change in percent saturation of dissolved O2 N 40% with 
maxima well above 100%. Again, the exception was DF1 where DO 
varied over a much smaller range of 96 to 102% (256–276 μmol L− 1) 
with an average of 101% (Table 2 and Fig. 2b). This indicates that only 
small contributions from photosynthesis and community respiration 
were present and this is consistent with the DO and δ18O-DO being 
largely controlled by rapid re-aeration with atmospheric O2 in this 
mountain stream. 
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Table 3 
3Average, minimum and maximum concentrations of NH4

+, NO3 
− and PO4 at SBC3. 

Nutrient NH4
+ NO3 

− PO4 

Avg. 130 198 23.9 
Min. 40.7 118 10.6 
Max. 241 298 30.6 

All concentrations in μmol L− 1 of 0.1 μm filtered solutions. 
All the other sites (BHR1 & 2; MWB2 & 3; SBC3) reached δ18O-DO 
levels N 24.2 ‰ at night due to community respiration (Fig. 2a). All 
field sites were sampled during summertime base flow periods except 
BHR2 which was more than one month later in the season when the 
water temperature was lower and the day length shorter than any of 
the other samplings. 

The two nearby sites of MWB2 and MWB3 were sampled for δ18O-
DO simultaneously from 17-Aug. to 18-Aug., 2005 (Fig. 3). Although 
the sites were separated by about 1300 m with an average water travel 
time of 70 min between sites, they exhibited nearly identical δ18O-DO 
behavior. The dotted curve in Fig. 3 shows the hypothetical δ18O-DO 
profile at MWB3 if the dissolved oxygen from MWB2 had simply 
advected downstream with no chemical or isotopic changes. The poor 
fit of the dotted curve to the field data suggests that the processes that 
control δ18O-DO must operate on a faster time scale than the 70 min 
transit time between stations. The close agreement between the two 
field data sets also suggests that any ground water influx between 
sites in this wetland area had negligible effects on the isotopic com-
position of DO. 

Silver Bow Creek at SBC3 contained unusually high levels of 
nutrients (NH4

+, NO3 
3−), mostly due to inputs from the Butte −, PO4 

municipal waste water treatment plant (Table 3). As a result of the 
high nutrient levels, the biological oxygen demand at SBC3 was un-
usually high and DO dropped to ∼7% of saturation (17 μmol L− 1) at
22:00 and averaged 7.8% (∼19 μmol L− 1) for the period from 22:00 to 
06:00 (Table 2 and Fig. 2b). During the same time period (22:00 to 
06:00) the δ18O-DO at SBC3 averaged 24.6‰ (Fig. 2a). This was very 
close to the atmospheric equilibrium value of 24.2‰ suggesting that 
aerobic respiration may have become O2-limited and that the low 
levels of DO detected in the stream during the middle of the night 
were due to inward diffusion from air. Using the PoRGy model, Venki-
teswaran et al. (2008), showed that the night time “plateau” often 
found in a diel δ18O-DO curve is controlled by a balance of R versus G. 
At low DO concentrations, oxygen availability to respiring organisms 
becomes transport limited resulting in an 18O fractionation factor that 
approaches unity (Hendry et al., 2002; Hartnett et al., 2005). 

During the daytime at SBC3, photosynthesis increased DO levels to 
a maximum of ∼90% saturation (∼205 μmol L− 1) at 16:30 and at the 
same time δ18O-DO decreased to a minimum of 3.4‰ (Fig. 4). This low 
value of δ18O-DO indicates that photosynthetically produced O2 com-
prised a larger fraction of DO than at the other sites. An afternoon 
period of cloudiness was reflected in a decrease in DO concentration at 
about 14:00 which was mirrored by an increase in δ18O-DO at approxi-
mately the same time (Fig. 4). The daytime DO did not rise above 100% 
Fig. 3. Diel change in δ18O-DO at MWB2 (open symbols) and MWB3 (filled symbols). 
Dotted line represents the approximate position of MWB2 δ18O-DO trace shifted 70 
minutes due to travel time between sites. 
saturation at SBC3 as it did in the other studies (except DF1) despite a 
very thick growth of aquatic macrophytes (Ranunculus aquatilis and 
other species) choking the stream course in this reach. The main 
reason for the higher DO consumption rates is attributed to the input of 
ammonia from the Butte waste water treatment plant. Ammonia 
concentrations at SBC3 decreased during the daytime as nitrate levels 
increased (Plumb, 2009), most likely due to chemolithotrophic med-
iated oxidation (nitrification) of NH4 

− (Vymazal, 1995; Kowal-+ to NO3 

chuk and Stephen, 2001; Galloway, 2005). The reaction proceeds with 
the oxidation of ammonia to nitrite most commonly by Nitrosomonas 
sp. (Eq. (1)) in freshwater. This is followed by the oxidation of nitrite to 
nitrate typically by Nitrobactor sp. (Eq. (2)). 

−
NH

þ
4 þ 1:5O2→NO2 þ H2O þ 2Hþ ð1Þ 
− −

NO2 þ 0:5O2→NO3 ð2Þ 

The rate of oxidation of ammonia diminished at night at SBC3 due 
to low O2 concentrations and lower temperatures (Plumb, 2009). Oxi-
dation of reduced N compounds is assumed to have taken place with 
negligible fractionation of O2 isotopes (Mayer et al., 2001). Conse-
quently, the low δ18O-DO measured at SBC3 during the daytime was 
most likely due to the photosynthetic production of isotopically light 
DO that had the same δ18O of water in Silver Bow Creek (−16.9‰ ± 
0.08, n=6). 

4.3. Field DIC and δ13C-DIC diel cycles 

Aqueous DIC and CO2 were calculated or measured (see methods) 
for CFR1, MWB2 and 3, SBC3, BHRG2 and DF1. Diel cycles in the con-
centration of DIC and CO2 were observed for CFR1, MWB2 and 3, SBC3 
and BHRG2 (Fig. 5) but, at DF1, the DIC and CO2 did not change sig-
nificantly over the diel period. The approximate concentration of CO2 

at atmospheric equilibrium (calculated at 12 °C) is shown (Fig. 5b) 
and indicates that at MWB2 and 3 and BHRG2 the dissolved CO2 con-
centration dropped below atmospheric equilibrium during the day 
and became oversaturated at night. At CFR1, SBC3, and DF1, CO2 was 
above atmospheric equilibrium during the whole sampling period. 
Typically, both DIC and CO2 decrease in concentration during the day-
time as photosynthesis becomes the dominant metabolic process and 
then increase during the night due to community respiration. 

The δ13C-DIC value of the river waters increased during the day 
and decreased at night, and therefore showed the inverse temporal 
pattern to δ18O-DO (Fig. 6a). The δ13C-DIC cycles also showed greater 
variability in amplitude and average value across all sites compared to 
δ18O-DO. The DF1 site showed a small (0.9‰) δ13C-DIC change com-
pared to 1.60 to 4.45‰ at the other sites except CFR1 which also had a 
0.9‰ change in δ13C-DIC. However, the CFR1 site had a diel range of 
DO from 67 to 167% of saturation (172 to 387 μmol L− 1) with an aver-
age of 111% (272 μmol L− 1) (Table 2) indicating that there was sub-
stantial biological productivity occurring at CFR1. In contrast at DF1 
the diel range of DO was only from 96 to 102% of saturation (256– 
276 μmol L− 1) and no diel change in δ18O-DO was measured. The 
average alkalinity at CFR1 was ∼2-fold higher than DF1 (Table 2). The 
average pH at CFR1 and DF1 were 8.24 and 8.19, respectively. This 
means that the alkalinity was principally bicarbonate and the pool 
of DIC was larger at CFR1 than at DF1. Consequently, a 0.9‰ overall 
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Fig. 4. Diel change in δ18O-DO and % saturation of DO at SBC3. PAR and atmospheric/water isotopic (18O) equilibrium of 24.2‰ are shown for reference. 
change in δ13C-DIC corresponds to significantly more 12C and 13C being 
added and removed from the DIC pool at CFR1 than at DF1. The fact that 
the average δ13C-DIC values at DF1 were higher than in the other 
streams is likely related to low productivity since in the absence of 
isotopically light CO2 from respiration the δ13C-DIC can move closer to 
equilibrium with atmospheric CO2 (δ13C-DIC=−1 to  +3‰ at equi-
librium). The higher δ13C-DIC at DF1 could be due in part to a greater 
percentage of DIC sourced from dissolution of limestone. The water-
shed upstream of DF1 contains bedrock exposures of the Mississippian 
Madison Limestone which has been shown elsewhere to yield δ13C-
Fig. 5. Concentrations of DIC (a) and CO2 (b) (μmol L− 1) over all reported sites. The 
approximate atmospheric CO2 saturation is shown on graph (dashed line). 
carbonate values of 3.1±1.2‰ (Plummer et al., 1990). Additionally, 
Finlay (2003) showed that the δ13C-DIC in shaded, mountain streams 
(i.e., DF1) was higher than that of broad valley rivers that received 
more sunlight, had warmer waters and consequently a more produc-
tive algal community. 

At the paired sites of MWB2 and 3 the diel behavior of δ13C-DIC 
was nearly identical and also in-phase as was observed with the δ18O-
DO at these sites (Fig. 3). This suggests that the processes modifying 
the isotopic composition of DIC operated on a time scale significantly 
shorter than the 70 min water travel time between these two sites. 

The δ13C-DIC at SBC3 showed a diel change of 4.5‰ which is greater 
than the average diel change of 1.9‰ (±0.62) at the other sites (Fig. 6a). 
This large diel swing in δ13C-DIC is consistent with the large change 
Fig. 6. Diel changes in δ13C-DIC (a) and pH (b) over all reported sites. 



29 S.R. Parker et al. / Chemical Geology 269 (2010) 22–32 
in δ18O-DO described above (Section 4.2) and is a direct result of the 
hyper-eutrophic environment present at SBC3. The afternoon increase 
in δ18O-DO observed at SBC3 which correlated with the correspond-
ing decrease in PAR due to a cloudy period (Fig. 4) was not seen in the 
δ13C-DIC data since the average concentration of DIC was ∼25-times 
larger than that of the DO. Assuming a metabolic relationship of ∼1:1 
between CO2 and O2, and ignoring side reactions such as air–gas ex-
change or mineral dissolution/precipitation, the absolute change in the 
molal concentration of O2 over the diel period should have been ∼25-
times larger than for total DIC. 

Aquatic photosynthetic communities assimilate NH4 
− and PO4

3−+, NO3 

as well as CO2 during the production of biomass (Eqs. (3) and (4)); 
Stumm and Morgan, 1996). 
Fig. 7. Mesocosm experiment results showing: the pH and temperature in the ex
control (d) tank. The addition of DCMU is shown (c) as well as the atmospheric
(3) 
16NH
þ þ 106CO2 þ HPO2

4− þ 108H2O⇔C106H263O110N16P þ 107O2 þ 14Hþ
4 

ð4Þ 

These reactions are part of the primary fixation of inorganic to organic 
carbon. Despite the abnormally high inorganic N and P levels present 
at SBC3, which created hyper-eutrophic conditions, the C-isotope 
fractionation associated with Eqs. (3) and (4) will not change. 
However, the rates of these reactions were accelerated which led to 
the large diel ranges in δ18O-DO and δ13C-DIC measured at SBC3. 

4.4. Mesocosm experiment 

An aquarium tank mesocosm experiment was performed to dem-
onstrate the effects of photosynthesis, respiration and gas exchange 
periment (
/water isoto
on the isotopic composition of DIC and DO in a controlled laboratory 
environment. The pH during the first two days in the experiment tank 
showed a regular change that was influenced by a net consumption 
of CO2 due to photosynthesis during light periods and production of 
CO2 when respiration alone was the determining biochemical process 
during the lights-off periods (Fig. 7a). In the control tank the pH showed 
a small regular change that had the inverse temporal pattern to that of 
the experiment tank which is most likely due to the small changes in 
temperature. To verify that the pH variation in the control tank was 
due to the temperature change the pH was modeled using CO2SYS, 
alkalinity and estimated pCO2 calculated from Henry's Law which 
produced pH fluctuations of similar magnitude and the same direction 
as observed in the control tank (not shown). The temperature increase 
during the dark period was apparently due to an over-compensation 
of the temperature controller to the heat input from the grow lights 
during the lights-on period (Fig. 7b). 

The δ18O-DO values in the experiment tank decreased for the first 
two days during the lights-on period due to greater amounts of isoto-
pically light O2 being produced by photosynthesis and increased at 

18Onight as respiration preferentially removing the lighter 16O versus 
(Fig. 7c). The DO concentration in the experiment tank showed the 
inverse temporal pattern to that of the δ18O-DO; increasing during the 
lights-on period and decreasing during the dark period. Water in the 
experiment tank had δ18O of  −12.1‰ (±0.01, n= 2), and was the source 
of oxygen for the photosynthetic production of O2. 

The δ13C-DIC values during this same time period (first two days) 
showed the inverse temporal pattern to the δ18O-DO, becoming iso-
topically enriched during the day as photosynthesis preferentially 
removed lighter 12CO2 and becoming depleted at night as respira-
tion returned isotopically light CO2 to the water column (Fig. 7c). The 
δ13C-DIC and δ18O-DO in the control tank showed no changes in re-
sponse to the lights-on and -off periods, nor to the small fluctuations 
a) and control (b) tanks; and the DO, δ18O-DO and δ13C-DIC in the experiment (c) and 
pic (18O) equilibrium of 24.2‰ (dotted line). 
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Fig. 8. The relationship of δ18O-DO and δ13C-DIC is shown for data from four streams. 
Ellipses have been drawn to approximate the diel pattern followed by the isotope 
compositions. Arrows in the SBC3 ellipse show the diel direction (clockwise) of the 
change in isotope composition and numbers (1, 2, 3, 4) refer to discussion in the text. 
The general increasing direction of the diel change in net productivity (ΔPnet) is shown 
by the large arrow (see Table 5). 

Table 4 
The calculated minimum to maximum net productivity (ΔPnet), overall change in δ18O-
DO and δ13C-DIC at SBC3, MWB3, BHR2 and DF1. 

Site ΔPnet Δδ18O-DO Δδ13C-DIC 

SBC3 255 (− 7.1 to 248) 21.6 (3.4 to 25.0) 4.5 (− 12.6 to − 10.3) 
MWB3 133 (− 43.7 to 89.6) 14.7 (10.3 to 25.0) 2.4 (− 12.3 to − 9.9) 
BHR2 51.0 (− 6.0 to 44.5) 7.7 (18.7 to 26.4) 1.6 (− 11.5 to −9.9) 
DF1 18.2 (− 8.5 to 9.7) 0.7 (22.8 to 23.5) 0.9 ( − 9.8 to −8.9) 

Overall or diel change shown plus range (parenthesis); ΔPnet=[Pnet(max) − Pnet(min)] 
μmol O2 L− 1 h− 1; Δδ18O-DO and Δδ13C-DIC in ‰ VSMOW and VPDB, respectively. 
in temperature and pH (Fig. 7d). At 09:00 on day three DCMU was 
added to the experiment tank to inhibit photosynthesis. The δ18O-DO 
did not decrease after addition of DCMU as it had during the previous 
two lights-on periods (Fig. 7c). The δ13C-DIC began decreasing imme-
diately after the DCMU addition and did so throughout the remainder 
of the experiment indicating that photosynthetic consumption of CO2 

ceased with the DCMU application while respiration continued to add 
isotopically light CO2. At 16:00 the aeration/circulation pump and 
lights were turned off and the isotopic composition of DO responded 
immediately with the δ18O-DO increasing (Fig. 7c) to a maximum of 
27.9‰ by 08:00 the next morning. This maximum is well above the 
atmospheric equilibrium value of 24.2‰ and the DO at this time 
was 56% of saturation (144 μmol L− 1). After 08:00 the DO and δ18O-
DO decreased until the end of the experiment (Fig. 7c). Since no light 
was available for photosynthesis and respiration was continuing to 
contribute isotopically light CO2 as shown by the decrease in δ13C-DIC, 
the decline in δ18O-DO after 08:00 is attributed to a rate of infiltration 
of atmospheric O2 that caused the isotopic composition of δ18O-DO to 
decrease as the DO saturation continued to decline. This decrease in 
δ18O-DO demonstrates the importance of gas exchange to the isotope 
composition of DO, especially at low DO concentrations. 

The results discussed above from DF1 are consistent with the con-
trol tank mesocosm experiment in which little change was observed 
in δ13C-DIC and δ18O-DO over two lights-on and -off cycles (Fig. 7d). 
In the absence of active metabolic processes the isotope compositions 
do not change. 

4.5. Relationship between δ13C-DIC and δ18O-DO 

Parker et al. (2005) described an elliptical diel pattern between 
δ13C-DIC and δ18O-DO at BHR2, and attributed this relationship to the 
balance of changing metabolic rates and gas exchange for both DIC 
and O2 over a 24-h period. Fig. 8 reproduces the data from Parker et al. 
(2005) along with 4 other data sets (this study). The combined results 
illustrate that elliptical diel paths in δ13C-DIC and δ18O-DO appear to 
be a common feature of rivers, and furthermore show that the ampli-
tude of the ellipse and its deviation from atmospheric equilibrium 
isotopic values increases with increasing trophic state. The elliptical 
patterns can be better understood by examining the net productivity 
(Pnet; μmol O2 L− 1 h− 1) at each of these sites. Pnet was calculated for 
each time step in a given diel data set based on the measured rate 
� � �

of change in [O2] and the gas exchange rate (Eq. (5)); for details see 
Parker et al., 2005). 

Δ½O2Pnet = PO2 
− RO2 

= 
Δt 

− kO2 
· ð½O2 s− ½O2 wÞ−AO2 

ð5Þ 

Δ[O2]/Δt is the measured change in [O2] between sampling times 
(μmol L− 1 time− 1); kO2 is the first-order gas-exchange rate constant 
(time− 1) and can be determined from a plot of Δ[O2]/Δt vs. ([O2]s − 
[O2]w) for night time data (see Parker et al., 2005); [O2]s is the calcu-
lated molar concentration at saturation; [O2]w the measured molar 
concentration in the stream; PO2 is the rate of production of O2 by 
photosynthesis (μmol L− 1 time− 1); RO2 is the rate of consumption of 
O2 by respiration (μmol L− 1 time− 1); and AO2 is the accrual rate of O2 

from ground water (μmol L− 1 time− 1). Pnet was calculated in this way 
for SBCS, BHR2, MWB3 and DF1 since these sites had a complete set of 
DO as well as δ18O-DO and δ13C-DIC data. Ground water contributions 
of O2 were not included in the calculation of Pnet for at these sites for 
various reasons. The channel of Silver Bow Creek (including SBC3) in 
Butte, MT has been reconstructed and has little or no ground water 
inputs based on synoptic flow and SC measurements. The sampling site 
at Dickie Bridge (BHR1 and 2) was selected based on a lack of ground 
water inputs such that accrual of O2 from external sources was not a 
factor. The MWB3 site was in a wetland area and an unknown quantity 
of ground water did enter the stream in the study reach. For the pur-
poses of estimating Pnet the O2 accrual rate at MWB3 was assumed to 
be relatively constant and small compared to the changes influenced 
by metabolic processes in this highly productive stream as indicated by 
a large diel O2 change (Table 2, Fig. 2b) as well as the fact that the diel 
δ18O-DO and δ13C-DIC cycles were in-phase at both sites (MWB2 & 3; 
discussed above). As stated earlier, at DF1 there was little evidence 
of metabolic activity. A ∼15% diel change in flow was observed at DF1 
(data not shown) which suggests that ground water flow and evapo– 
transpiration were affecting stream flow. However, since the oxygen 
concentration did not change in relation to the change in flow it is 
assumed that the accrual of O2 from ground water was negligible at 
this site (Table 2, Fig. 2b). 

Calculating Pnet based on Eq. (5) indicates that SBC3 has the largest 
overall minimum to maximum change [ΔPnet =Pnet(max)− Pnet(min)] 
in productivity followed by MWB3, BHR2 and DF1, respectively 
(Table 4). This agrees with the hierarchy of the changes reflected in 
the plot of δ13C-DIC versus δ18O-DO (Fig. 8); the larger the range in 
both δ13C-DIC and δ18O-DO (Δδ18O-DO and Δδ13C-DIC), the larger the 
range in ΔPnet (Table 4). 

The direction of change over a 24-h period around each ellipse is 
clockwise, as shown by the arrows in Fig. 8 (SBC3 curve), and the 
overall pathway can be divided into 4 time periods. During period 1 
(dawn to noon, 07:00 to 12:00), the δ18O-DO decreased rapidly where-
as δ13C-DIC increased slowly. The rapid decrease in δ18O-DO was caused 
by the re-oxygenation of the severely O2-depleted water in the morn-
ing through aquatic photosynthesis. The increase in δ13C-DIC during 
this time period is explained by preferential uptake of isotopically light 
12CO2 during photosynthesis, possibly combined with evasive loss 
of CO2 to the air. Loss of CO2 to the vapor phase would have left the 
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Fig. 9. The correlation between ΔPnet and the diel change in δ18O-DO and δ13C-DIC 
(Δδ18O-DO and Δδ13C-DIC) at SBC3, MWB3, BHR2 and DF1. Best linear fit (Δδ13C-DIC), 
polynomial fit (Δδ18O-DO), equations and correlation coefficients are shown for each 
plot. 

 

residual dissolved CO2 slightly enriched in 13C, due to a combination of 
diffusion and equilibrium processes, although the combined effect is 
expected to be much less than that accompanying photosynthesis. The 
rapid change in δ18O-DO versus δ13C-DIC is due to the larger concen-
tration of DIC relative to DO. During time period 2 (mid-afternoon, 
12:00 to 16:00), the δ18O-DO showed little variation and attained its 
minimum value for the diel cycle, whereas δ13C-DIC continued to in-
crease. Early in period 2 O2 is becoming supersaturated and since O2 

gas exchange is rapid, the slowdown in the change in δ18O-DO most 
likely reflects a balance between continued O2 production by photo-
synthesis, efflux of isotopically lighter O2 to the atmosphere and con-
sumption of isotopically light O2 by respiration. During time period 3 
(late afternoon to dusk,16:00 to 20:00), the rate of photosynthesiswas 
dwindling, while respiration rates were close to their 24-h peak, due 
to the warm water temperatures. This resulted in a rapid increase 
in δ18O-DO (due to biological oxygen consumption) and a decrease 
in δ13C-DIC (due to respiration). During time period 4 (night, 20:00 
to 7:00), respiration continued in the absence of photosynthesis, re-
sulting in a continual decrease in δ13C-DIC. Because DO concentrations 
reached extremely low levels at SBC3 (b1 mg  L− 1), respiration was 
likely DO-limited. Such conditions could explain the lack of any addi-
tional fractionation of δ18O-DO during the night, since all available O2 

would have been utilized by respiring organisms regardless of its iso-
topic composition (Wassenaar and Hendry, 2007). 

Fig. 9 plots relationships between the calculated values for ΔPnet 
and the observed values of Δδ18O-DO (R2=0.94, linear Eq. (6a); or
R2=0.99 2nd order polynomial Eq. (6b)) and Δδ13C-DIC (R2=0.99, 
Eq. (7)) for the field sites discussed in this paper. The polynomial 
produces a better fit for the relationship between ΔPnet and Δδ18O-DO. 
The tendency for Δδ18O-DO to level off at high values of ΔPnet is most 
likely due to the increasingly rapid exchange of O2 across the air–water 
interface in highly productive rivers when DO concentrations are far 
from equilibrium with air-saturated values. In contrast, because CO2 is 
much less abundant than O2 in air, DIC concentrations are less influ-
enced by air–water gas exchange. In the absence of competing proces-
ses (such as diurnal changes in alkalinity due to groundwater inputs), 
the linear relationship between ΔPnet and Δδ13C-DIC (Fig. 9) is a result 
of in-stream biological processes. 

The empirically-derived mathematical regressions in Fig. 9 could 
theoretically be used to estimate net productivity in other rivers based 
on the diel changes in the values of δ18O-DO (Eq. (6b)) and δ13C-DIC 
(Eq. (7)), or vice versa. Additionally, the overall relationship between 
�

Δδ18O-DO and Δδ13C-DIC can be derived from a combination of 
Eqs. (6b) and (7) (Eq. (8)). 

ΔPnet = 11:36ðΔδ18O DOÞ−12:643 ð6aÞ 

2ΔPnet = 0:466ðΔδ18O−DOÞ + 0:973ðΔδ18O−DOÞ + 16:94 ð6bÞ 

ΔPnet = 67:251ðΔδ13C−DICÞ−43:74 ð7Þ 

2ðΔδ13 ðΔδ18C−DICÞ = 6:93 · 10−3 O−DOÞ + 1:45 ð8Þ 
ðΔδ18 · 10−2 O−DOÞ + 0:902 

5. Conclusions: comparison of field and mesocosm results 

The in situ stream results when viewed in relation to the mesocosm 
experiments reported here demonstrate that naturally occurring diel 
cycles in δ13C-DIC and δ18O-DO can be simulated using stream benthic 
materials and an artificial day/night cycle (Fig. 7). The mesocosm iso-
tope composition changes were produced at nearly constant tempera-
ture which minimizes the effects of the changing solubility of dissolved 
gases. Additionally, in the mesocosm the absence of a flowing stream 
system and ground water influx eliminates the possibility that diel 
changes in δ13C-DIC and δ18O-DO are produced by the transport of new 
chemical species into the sampling site. 

For the field sites reported here the δ18O-DO showed the same 
behavior demonstrated during the first two lights-on and -off periods 
in the mesocosm; showing decreasing values during the day and in-
creasing at night at all sites with the exception of DF1. The DF1 site was 
visibly devoid of attached periphyton and in absence of an impact by 
photosynthesis and respiration the 18O-isotope compositionwasmain-
ly controlled by turbulent mixing with atmospheric O2. These results 
from DF1 are consistent with the results of the mesocosm control tank. 
At SBC3 the δ18O-DO decreased to daytime levels (Fig. 2a) well below 
that of the other sites due to the influence of abnormally high levels of 
nutrients increasing biotic productivity coupled with a smaller than 
normal DO concentration as a result of O2 consumption by nitrification. 
The δ18O-DO at night at SBC3 did not continue to increase since respi-
ration became O2-limited. Furthermore, the diel DO cycle observed at 
SBC3 is not indicative of the true level of productivity since ammonia 
oxidation is consuming O2 during the day, yet the large diel change in 
δ18O-DO still reflects the effects of the high levels of photosynthesis 
and respiration. 

The δ13C-DIC at all field sites also displayed similar diel behavior to 
that simulated in the mesocosm experiment; becoming isotopically 
enriched during the day and depleted at night. The hierarchy of the 
range in net productivity (ΔPnet) agrees with the ranges in the diel 
change in δ13C-DIC and δ18O-DO observed at SBC3, MWB3, BHR2 and 
DF1 (Table 4, Fig. 9). Additionally, the Δδ18O-DO and Δδ13C-DIC can be 
used to estimate the overall productivity (ΔPnet) of the aquatic system 
(Eqs. (6b) and (7)). This confirms the strong influence of the changes 
in the metabolic rates on isotopic composition of DO and DIC. 

Diel changes in the physical and chemical composition of rivers 
can have a critical impact on the concentrations of a broad spectrum of 
chemical species being carried in dissolved and suspended forms. This 
work emphasizes that rates of normal in-stream processes (respira-
tion, photosynthesis, gas exchange, ground water contributions etc.) 
are significantly influencing not only the concentrations of DO and DIC, 
but are also producing substantial changes in the stable isotope com-
position of these compounds that are far from atmospheric equili-
brium. Further work is needed to explore the detailed quantitative 
relationships between δ13C-DIC and δ18O-DO and the response of the 
isotope compositions to changing physical, chemical and biological 
conditions in both mesocosm and natural environments. Additionally, 
this approach of simultaneously monitoring changes in δ13C-DIC and 
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δ18O-DO may be valuable for monitoring processes acting on ground 
water systems along a flow path. 
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