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Abstract Here we report diel (24 h) and seasonal differences in the concentration and

stable carbon isotope composition of dissolved inorganic (DIC) and organic carbon (DOC)

in the Clark Fork (CFR) and Big Hole (BHR) Rivers of southwestern Montana, USA. In

the CFR, DIC concentration decreased during the daytime and increased at night while

DOC showed an inverse temporal relationship; increasing in the daytime most likely due to

release of organic photosynthates and decreasing overnight due to heterotrophic con-

sumption. The stable isotope composition of DIC (d13C-DIC) became enriched during the

day and depleted over night and the d13C-DOC displayed the inverse temporal pattern.

Additionally, the night time molar rate of decrease in the concentration of DOC was up to

two orders of magnitude smaller than the rate of increase in the concentration of DIC

indicating that oxidation of DOC was responsible for only a small part of the increase in

inorganic carbon. In the BHR, in two successive years (late summer 2006 & 2007), the

DIC displayed little diel concentration change, however, the d13C-DIC did show a more

typical diel pattern characteristic of the influences of photosynthesis and respiration

indicating that the isotopic composition of DIC can change while the concentration stays

relatively constant. During 2006, a sharp night time increase in DOC was measured;

opposite to the result observed in the CFR and may be related to the night time increase in

flow and pH also observed in that year. This night time increase in DOC, flow, and pH was

not observed 1 year later at approximately the same time of year. An in-stream mesocosm

chamber used during 2006 showed that the night time increase in pH and DOC did not

occur in water that was isolated from upstream or hyporheic contributions. This result

suggests that a ‘‘pulse’’ of high DOC and pH water was advected to the sampling site in the

BHR in 2006 and a model is proposed to explain this temporal pattern.
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1 Introduction

Investigations over the past 20 years have shown that diel (24 h) changes in the con-

centration of chemical species in flowing systems are reproducible processes that play an

integral role in the health and water quality of river systems. Healthy rivers can exhibit

large diel pH, dissolved O2 (DO), and CO2 cycles that are largely driven by aquatic

plants and microbes which alternately consume or produce CO2 depending on whether

photosynthesis or respiration is the dominant process (Odum 1956; Pogue and Anderson

1994; Nagorski et al. 2003; Parker et al. 2005, 2007a). These short term variations are

driven by the daily photoperiod, which influences: aquatic photoautotrophs; instream

temperature cycles; changes in dissolved gas gradients between air and water; and affect

either directly or indirectly concentration changes in metals and metalloids (e.g., Nimick

et al. 2003, 2005; Jones et al. 2004; Gammons et al. 2005; Parker et al. 2007a, b and

references therein). While researchers investigating the mechanisms influencing diel

processes have provided great insight into the ‘‘driving forces’’ behind these daily

changes, there is still much that is not well understood. By gaining deeper insight into the

underlying mechanisms controlling diel concentration changes of important dissolved and

particulate species we will be able to develop a better fundamental understanding of how

streams function. This knowledge will help scientists, resource managers and others make

better predictions on how streams will respond to shifting conditions caused by climate

change, changing agricultural practices, restoration activities, nutrient fluxes and

development.

Previous work has demonstrated that there is a significant and reproducible diel cycle

in the stable isotope composition of dissolved inorganic carbon (d13C-DIC) in both the

Clark Fork River (CFR) and Big Hole River (BHR) in Montana, USA as well as a

substantial cycle in the 18O composition of dissolved molecular oxygen (d18O-DO) in the

BHR and other streams (Parker et al. 2005, 2007a, 2009). These daily changes in the

isotope composition of the DIC and DO are caused by the combined effects of photo-

synthesis and respiration of aquatic plants and microbes as well as gas-exchange and

groundwater influx. Additionally, d13C-DIC has been used as a tracer of the origins and

sources of carbon in watersheds (e.g., Gaiero et al. 2005), but these data must be used

carefully since substantial diel changes in d13C-DIC can occur (up to 4.5%, Parker et al.

2009).

Dissolved organic carbon (DOC) represents a significant pool of reduced carbon in most

aquatic ecosystems that is readily available to heterotrophic microorganisms as an energy

source (McKnight et al. 1997; Volk et al. 1997). It has also been suggested that the DOC

pool may be the largest source of carbon for microbial activity (Kaplan and Bott 1982;

Hobbie 1992). Additionally, it has been shown that different size classes of DOC mole-

cules exist and that the distribution can change over a diel period (Amon and Benner 1996;

Zeigler and Fogel 2003). Depending on the size and composition of the DOC some classes

of molecules may be more refractory than others and consequently consumed at different

rates (Thurman 1985; Zeigler and Fogel 2003).

The types and concentration of the DOC can have a significant influence on the chemical

composition of surface waters such as the bioavailability of metal ions and the absorption of
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light in the visible and UV ranges (McKnight et al. 1997). Much of the literature examining

DOC in rivers has concentrated on sources of organic carbon and its fate and transport to

downstream areas (e.g., Thurman 1985; Olivie-Lanquet et al. 2001; Bianchi et al. 2004,

2007; Hood et al. 2005; Dalzell et al. 2007). Several researchers have shown that diel

changes in DOC concentration occur in streams and can be attributed to daily changes in the

level of productivity of algal communities (e.g., Manny and Wetzel 1973; Kaplan and Bott

1982; Harrison et al. 2005; Spencer et al. 2007). However, there is little literature that

reports investigations of temporal changes in DOC and the 13C-composition of DOC (d13C-

DOC) simultaneously on a diel scale in surface waters (Zeigler and Fogel 2003). Since

community respiration is using the DOC as a carbon source and other aquatic species are

producing organic molecules as a consequence of their daily productivity, it is reasonable to

expect changes in the isotopic composition of the DOC as it is influenced by the daily

changes in the rates of metabolic activity (Barth and Veizer 1999; Zeigler and Fogel 2003;

Zeigler and Brisco 2004).

DOC can include water soluble forms of amino acids, carbohydrates, organic acids,

alcohols as well as fulvic and humic acids (Thurman 1985). Sources of DOC in streams can

include decomposition of detrital organic matter, importation of organics from external

(allochothonous) sources and in-stream production by aquatic plants and microbes

(autochthonous). Microbes using DOC as a carbon source will produce CO2 from respi-

ration with a carbon isotope signature characteristic of the organic carbon substrate (Clark

and Fritz 1997). In temperate regions, plant organic matter, that serves as the carbon source

for microbial respiration has a d13C of -20 to -30% (Clark and Fritz 1997). In contrast,

atmospheric CO2 has d13C of -7 to -8.5% (NOAA 2008) and consequently DIC pro-

duced by gas exchange will be isotopically enriched compared to that produced by

respiration.

A significant portion of DOC in natural waters falls in the category of natural organic

matter (NOM), and most of the NOM fits into the operationally defined subcategories of

fulvic acids (FA) and humic acids (HA; Thurman 1985; Macalady 1998). The fulvic and

humic acids as well as other organic acids are well known for their ability to complex

metal ions in solution (Saar and Weber 1982; Clapp et al. 1998). It is known that the fulvic

and humic acids can contribute to daily variations in surface water iron concentrations by

affecting Fe redox cycling through changes in the photoreactivity of Fe in the aqueous

system (Voelker et al. 1997; Hrncir and McKnight 1998).

In this study, we investigated diel changes in the concentration of DOC and DIC in two

different rivers systems (CFR and BHR). These rivers are geographically close but

exhibited approximately inverse diel patterns in the concentration of DOC during the late

summer of 2006. An in-stream mesocosm chamber was used in the BHR during 2006 to

compare diel cycles and levels of DOC and DIC that were isolated from the flowing water

column or hyporheic water exchanges. A follow-up study was conducted in the BHR

1 year later to assess the reproducibility of the diel DOC pattern observed the previous

year. Additionally, in order to identify possible sources of DOC in the BHR a series of

seeps (streamside springs) and shallow sediment water was sampled during the follow-up

work in 2007. The rates of DOC consumption and DIC production in the CFR were

compared in order to determine what portion of the inorganic carbon being produced

resulted from the oxidation of DOC. The d13C-DOC was examined in the CFR as well as

the d13C-DIC in the CFR and BHR. These isotope results are used here in conjunction with

the seep and chamber data to investigate the relationship of the diel changes in DOC and

DIC to the processes influencing these changes. Models are presented to help interpret the
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diel behavior of DOC in the CFR and the differences in the diel behavior of DOC observed

in the BHR between 2006 and 2007.

2 Field Sites

2.1 CFR Site

The field site on the Clark Fork River (46�2305100N; 112�4403300W; sampling site CFRG)

was within the city limits of Deer Lodge, MT and directly across from the USGS gaging

station (Fig. 1, USGS Gage #12324200, 1,372 m elevation). Streamflow measurements

were taken from the USGS gaging station which records every 15 min. The Clark Fork

here is a second order stream with a discharge of roughly 0.6–60 m3 s-1 depending on the

time of year. The river in the study reach has moderate alkalinity (*3,200–3,700 leq l-1;

Parker et al. 2007a) and a pH range of about 8.0–9.0 during the summer months. Aquatic

plants are dominated by Cladophora and diatom algae (Watson 1989). 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 (Fig. 1) such that the

floodplain and streambed of the upper Clark Fork River contain highly elevated quantities

of metals and metalloids (e.g., Fe, Cu, Zn, Pb, Cd, As) deposited as the result of mining,

milling, and smelting activities (Moore and Luoma 1990). Currently, most of the heavy

metal load in Silver Bow Creek is removed by a lime treatment facility at Warm Springs

(Fig. 1). However, elevated concentrations of dissolved arsenic have been measured in the

water exiting the treatment ponds ([40 lg L-1) during summer base-flow periods (Duff

2001; Gammons et al. 2007). Diel changes in the concentration of metals and arsenic in the

upper CFR have been previously characterized (Brick and Moore 1996; Parker et al.

2007a; Gammons et al. 2007).

2.2 BHR Site

The field site near the Mudd Creek Bridge on the Big Hole River (45�4802800N,

113�1805100W; sampling site BHRG) was about 50 m upstream from the USGS gaging

station (Fig. 2; USGS Gage #6024540, 1795 m). Annual flows range from 5 to 140 m3 s-1

depending on time of year. Flow data for this site was obtained from the USGS gaging

station which records discharge every 15 min. The BHR is a headwater tributary to the

Missouri River and is a free-flowing river draining a sparsely-populated, high elevation

basin (*1,900 m above sea level) of approximately 7,200 km2 in extent. This river is

relatively pristine and there is little historical impact from mining or industrial sources. The

principal activities in the basin are agriculture and recreation.

Previous work (Gammons et al. 2001; Ridenour 2002; Wenz 2003; Parker et al. 2005)

has summarized the general geochemical characteristics of the Big Hole River. Overall, the

Big Hole River at Mudd Creek Bridge can be classified as a Na–Ca-bicarbonate water, with

alkaline pH and low to moderate alkalinity (1,500–1,800 leq L-1). The lower alkalinity of

the BHR versus the CFR described above results in lower buffering capacity of the BHR

stream water that often leads to larger ranges in and higher absolute values of pH during

summer low flow periods.
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3 Methods

3.1 Field Methods

3.1.1 Clark Fork River

Diel sample collection on the CFR began on 27 July 2006 at 11:15 and continued until

13:15 on 28th of July. All times are reported as local time (MDT, GMT—0600).

In situ temperature, pH, specific conductivity (SC), dissolved oxygen (DO) concen-

tration and percent O2 saturation were measured at each sampling time with a Hydrolab

MS-5 datasonde (Luminescent DO probe) or an In Situ Troll 9000 (Clark DO probe) as
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well as a hand-held meter (WTW 340i). The instruments were calibrated according to the

manufacturer’s specifications.

Several samples were collected for laboratory analysis of DO using the Winkler method

(Wetzel and Likens 1991). Unfiltered water was collected in 500 mL glass bottles with no

head space and stored on ice until analysis in the laboratory within 48 h. The results of

these analyses were compared to the DO measurements using hand and in situ instruments

(shown in results).

Water was sampled from the main stem of the river in a well mixed, rapidly flowing

reach approximately 0.5 m deep, 3 m from shore and at a depth approximately half way

between surface and bottom. Filtration was done using a peristaltic pump and disposable

142 mm diameter 0.1 lm cellulose-ester filter membranes (for further details see Gammons

et al. 2005). Samples (filtered) for DOC analysis were collected in 250 mL amber bottles

that had been acid washed (5% HNO3), triple rinsed with deionized water and oven dried

(100�C). Filtered samples for 13C-isotope analysis of dissolved inorganic carbon (d13C-

DIC) were collected in 125 or 250 mL acid-washed, oven dried, glass bottles with no head-

space and the DIC was precipitated in the laboratory as SrCO3 after Usdowski et al. (1979).

A detector was used to measure photosynthetically active radiation (PAR) flux values

(400–700 nm, lE m-2 s-1) which were based on the manufacturer’s calibration of the

sensor. The PAR went to zero at 21:00 h in the evening and rose above zero at 06:30 in the

morning. This dark period (zero PAR) is represented by the shaded region on all diel

graphs.
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All samples collected in the field were stored on ice, in sealed plastic bags and returned

to the laboratory immediately following the field work.

3.1.2 Big Hole River

Two separate diel samplings occurred on the BHR approximately 1 year apart: 8 to 9

August 2006 and 31 July to 1 Aug 2007. Sampling was performed similar to that described

in the previous section on the Clark Fork site. Alkalinity was measured in the field using a

Hach titrator and standardized H2SO4. Samples from seeps above the main sampling site

were collected with a clean 60 mL syringe that was triple rinsed with sample water and

then filtered using 0.2 lm PES syringe filters into glass bottles. Sediment pore water was

collected at two locations near the sampling site with a 60 mL syringe that was inserted

approximately 12 cm into the shallow sediments in the middle of the river. The syringe

plunger was very slowly withdrawn to minimize water from being pulled around the barrel

of the syringe from the above river; taking 2–3 min to fill the 60 mL volume. This water

was filtered using 0.2 lm PES filters into glass bottles.

An isolation chamber was used during the 2006 sampling that was made from a 10 cm

inside diameter clear acrylic plastic cylinder 22 cm long. One end was sealed and the other

end was removable (both clear acrylic). Each end had a tubing connector fastened to a

drilled and threaded hole in the center. Prior to the start of the diel sampling, the chamber

was filled approximately half-full with cobbles ranging from 2 to 10 cm in diameter

collected from the sampling site that were covered with attached periphyton and biofilms.

The chamber lid was sealed with silicone vacuum grease and held in place with an elastic

strap. Clear plastic tubing was used to connect the chamber to a peristaltic pump mounted

on a tethered platform in the river, then to a low volume flow chamber on a datasonde and

back to the chamber. The chamber and datasonde were placed on the river bottom at a

depth of *0.5 m. At the beginning of the sampling period, the chamber was flushed with

river water, filled and purged to remove most of the trapped air. The chamber water was

sampled every 2 h as described previously for DOC and DIC; then flushed and refilled with

fresh river water. The datasonde connected to the chamber recorded pH, temperature, DO,

and SC every 30 min throughout the diel period.

3.2 Analytical Methods

A pre-concentration step for samples for d13C-DOC analysis was performed by evapo-

rating 250 mL of filtered river water to near-dryness at 50�C and resuspending in 4 mL of

1% H3PO4.

The SrCO3 precipitates (described above) for d13C-DIC and the DOC concentrates for

d13C-DOC were analyzed using a Eurovector elemental analyzer interfaced to a Micromass

Isoprime stable isotope ratio mass spectrometer after Harris et al. (1997) and Gandhi et al.

(2004), respectively. Replicate analyses (three per sample set) indicated an average relative

standard deviation (RSD) of 0.95% for d13C-DOC and 0.55% for d13C-DIC.

All analyses for total carbon (TC) and DOC were performed at Montana Tech using an

Ionics (Model 1505) Total Carbon Analyzer (combustion method). All samples for TC

analysis used filtered, unacidified water. Samples for DOC analysis used filtered water that

was acidified to 1% (v/v) with concentrated H3PO4 and sparged for 5 min with N2. These

samples were then sparged in the instrument for an additional 3 min with CO2-free air and

analyzed. Standards were prepared from a stock solution of 1,000 mg l-1 potassium

hydrogen phthalate (KHP) prior to each analysis. All glassware used for carbon analyses

Aquat Geochem

123



was acid-washed and oven dried prior to use (100�C). DIC was determined by subtracting

DOC concentration from TC. Replicate analyses indicated an RSD of 5% for DOC and

DIC.

3.3 Modeling

The partial pressure of dissolved (wet) CO2 (pCO2, latm) was calculated for the CFR and

BHR with the modeling program CO2SYS (Lewis and Wallace 1998) using the temper-

ature, pH and either the total alkalinity or DIC to determine the carbon speciation.

4 Results and Discussion

4.1 Clark Fork River

4.1.1 Field Results

Temperature, flow, pH, and specific conductivity from the diel sampling on the CFR in

2006 are show in Fig. 3. A diel pH change of approximately 0.6 units (range 7.8–8.4) was

observed which is attributed to daytime net consumption of CO2 by aquatic photosynthesis

and night time production of CO2 by community respiration. The temperature reached a

daytime maximum of 24.6�C and night time minimum of 16.5�C. A diel change in flow of

approximately 13% was observed most likely due to evapo-transpiration in the streamside

riparian zones (Bond et al. 2002). The dissolved oxygen reached a daytime high of 158%

of saturation (385 lmol L-1) and a night time low of 65% (164 lmol L-1). DO con-

centrations (n = 3) determined by Winkler titration were in good agreement with instru-

ment readings (Fig. 3c). The pCO2 was above atmospheric partial pressure (*252 latm)

during the whole diel period; decreasing during the day and increasing at night (Fig. 3c).

4.1.2 DOC and DIC

DOC showed a 1.8-fold diel change in concentration from a minimum of 124 to a max-

imum of 231 lmol C L-1 (Fig. 4a). At the same time the average concentration of DIC

was *52-times higher than that of the DOC. The DIC showed a *5-fold diel change in

concentration from a minimum of 3.4 to a maximum of 17.0 mmol C L-1 (Fig. 4a). The

diel change in DOC is most likely produced by release of soluble organic carbon com-

pounds (i.e., amino acids, sugars, organic acids) by photosynthetic organisms during the

daytime (Kaplan and Bott 1982; Vymazal 1994 and references therein) followed by

consumption of those soluble organics by heterotrophic microbes during the night. The

gradual increase in DOC after about 23:00 suggests a net accumulation due heterotrophic

processing of larger insoluble organics from sediments or particulates (Zeigler and Fogel

2003). The DIC concentration decreased during the daytime due to removal of CO2 by

photosynthesis and increased at night due to community respiration.

The molar ratio of DIC/DOC reached a minimum of 16 at *17:00 and a maximum of

104 at *06:00 the following morning (Fig. 4b). This large increase in DIC relative to

DOC at night suggests that oxidation of DOC contributed only a small part of the increase

in DIC and that the majority of DIC was produced from other sources (e.g., aerobic or

anaerobic respiration of microbes within the sediment bed; or groundwater influx). The
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rates of change in the concentration of DIC and DOC between sampling times can be

compared to better understand how these two parameters were changing relative to each

other (Fig. 4c). For example, at 19:15 the DDOC/Dt is about -4.8 lmol C L-1 h-1 while

the DDIC/Dt is approximately 1530 lmol C L-1 h-1; the concentration of DIC is

increasing *316 times faster than the concentration of DOC is decreasing. This also

suggests that the majority of the increase seen in DIC was from sources other than the

oxidation of the measured DOC.

(o C
)

24

26

8.2

8.4(a)

(b)

(c)

pH

T
em

pe
ra

tu
re

 (

18

20

22

pH

7.6

7.8

8.0

Temp

16 7.4

1 ) 1.6

2.0

-1
)530

540

SC

F
lo

w
 (

m
3  s

-

0.8

1.2

S
C

 (
µ S

 c
m

-

510

520Flow

5 0

n 
(%

 s
at

)

150

175

(µ
m

ol
 L

-1
)

300

350

m
)1250

1500

1750

DO %

DO µmol/L

D
is

so
lv

ed
 o

xy
ge

n

75

100

125

D
is

so
lv

ed
 o

xy
ge

n 
(

150

200

250

pC
O

2
 (

µ a
tm

250

500

750

1000
DO %

pCO2

Atm pCO2

  10:00   16:00   22:00   04:00   10:00
50

D

100
0

27-Jul-2006 28-Jul-2006

Atm. pCO2

Fig. 3 Temperature and pH (a), specific conductivity (SC) and flow (b), dissolved oxygen (% saturation
and lmol L-1) and pCO2 (c) at the Clark Fork River sampling site in Deer Lodge, MT. The cross marks (1)
indicate Winkler DO measurements (see methods) performed to verify O2 concentrations from instruments.
Shaded bars in all diel graphs represent night time as determined by PAR signal of zero

Aquat Geochem

123



4.1.3 d13C-DOC and d13C-DIC

The isotopic composition of DOC (d13C-DOC) and DIC (d13C-DIC) also showed changes

over the sampling period (Fig. 5). Diel changes in d13C-DIC have been observed previ-

ously in the CFR and BHR (Parker et al. 2005, 2007a). Photosynthesis removes CO2 during

the day with a reported isotopic depletion of about -29% (Falkowski and Raven 1997);

such that the residual DIC becomes isotopically enriched. Gas-exchange with atmospheric
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CO2 (d13C = -7 to -8.5%) will tend to elevate the d13C-DIC which had an average value

over the diel period of -12.4%. However, as reported in Sect. 4.1.1 the pCO2 was above

atmospheric levels during the diel period such that the net flux of CO2 would have been

from the water to the atmosphere for the 24-h period. Diffusional fractionation associated

with CO2 outgassing should have caused the d13C-DIC to become isotopically heavier but

the opposite was observed, with the d13C-DIC becoming increasingly depleted over night.

This is consistent with community respiration being the dominant process which was

influencing the d13C-DIC.

The d13C-DOC showed the inverse isotopic diel trend to that of the DIC. The con-

centration of DOC increased during the day (Fig. 4a) due to soluble organics that were

‘‘leaking’’ from photosynthetic organisms and since photosynthesis discriminates against
13C it follows that the DOC produced during this time will be isotopically depleted. Zeigler

and Fogel (2003) suggested that the daytime decrease in d13C-DOC observed in a tidal

wetland was due to the exudation of carbohydrates produced by phytoplankton and

macrophytes. As photosynthesis decreased in the late afternoon (*17:00), community

respiration consumed this pool of soluble (isotopically light) organics, discriminating

against the heavier isotope (kinetically) such that the remaining DOC pool becomes iso-

topically enriched (concentration decreasing, Fig. 4a). It is also possible that these

‘‘leaking’’, isotopically light photosynthates such as carbohydrates are more readily bio-

available and are used first for respiration (Zeigler and Fogel 2003). After *23:00 the

isotopic composition of the pool stabilizes at approximately -26.9%. The d13C of the

local aquatic and streamside vegetation was not measured during this study, but temperate

region C3 plants should have an isotope composition in the range of -20 to -30% (Clark

and Fritz 1997). Consequently, this d13C-DOC plateau from 01:00 to 09:00 may reflect the

DOC being produced by microbial degradation of detritus with an isotope signature typical

of temperate region vegetation. This is consistent with the increase in DOC concentration

after 23:00 (discussed above) being due to heterotrophic degradation of organic detritus

accumulated within the sediment bed.
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During the night as community respiration consumes the isotopically light DOC and

insoluble organic matter in the sediments, it produces light CO2 which causes the d13C-

DIC to continue dropping until photosynthesis reverses the trend starting about 06:30

(Parker et al. 2009).

4.2 Big Hole River

4.2.1 Field and Isolation Chamber Results

Diel samplings were conducted on the BHR in two successive years during late summer,

low flow conditions (2006 and 2007) within 8 days of the same date each year (Fig. 6). The

hydrographs for a 6–7-day period bracketing the sampling for the 2 years show that the

average flow in 2007 was about 1.7-times higher than in 2006 during the sampling period

and that different temporal flow patterns were present in the 2 years (Fig. 7). The flow

during the diel sampling period in 2006 showed a *2.7-fold minimum to maximum

increase and exhibited a sharp decrease during the late afternoon (*17:00) followed by a

gradual increase with a maximum at about 01:00–03:00 (Fig. 6b). The flow in 2007

showed a *1.3-fold minimum to maximum increase during the sampling period with a

gradual decrease throughout the afternoon reaching a minimum about 21:00 through 02:00

followed by a gradual increase through the following morning (Fig. 6e). The 2007 pattern

is more typical of one expected to be produced by evapo-transpiration from productive
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upstream riparian zones (Bond et al. 2002) while the pattern observed in 2006 is not well

understood (discussed below).

The pH variation observed in 2006 is very unusual with a sharp pH drop in late

afternoon (*17:00), at approximately the same time that the flow dropped (Fig. 6a). This

was followed by a gradual increase in pH with a maximum at *03:00; approximately the

same time that the flow peaked in 2006. The late afternoon decrease in flow in 2006

described above was also accompanied by a sharp increase in specific conductivity (SC) at

the same time (*18:00, Fig. 6b). The SC dropped after this time with a minimum at

*03:00, the same time that the flow reached a maximum. The behavior of DO in 2006 was

‘‘normal’’ with the exception of a small shoulder at approximately 19:00 which corre-

sponds to the sharp flow decrease in the late afternoon (Fig. 6c). In contrast to the CFR

described above, the pCO2 in the BHR in 2006 was below atmospheric levels

(*252 latm) for the 24-h sampling period (Fig. 6c) which is due to the high pH (avg. 9.1)

and high productivity as shown by the large diel change in O2 concentration (37–152%

sat.) during this base flow period. The late afternoon drop in pH described above (*17:00)

was mirrored by a small increase in pCO2 followed by a night time decrease as the pH

began to rise. This is an unusual pCO2 pattern since it usually increases over night due to

community respiration and decreasing pH, as observed in the CFR (Fig. 3c).

In 2007, the changes in flow, SC, and pH were more typical of ‘‘normal’’ stream

behavior (Fig. 6d, e). The diel change in DO was not as large in 2007 as in 2006 and was

possibly modulated by the larger flow (Fig. 6f). Maximum stream temperature was higher

in 2007 than 2006 which also decreased O2 solubility. The pCO2 during 2007 was above

atmospheric levels except for a brief period in the afternoon (*16:00–20:00) and showed a

more ‘‘typical’’ pattern (Fig. 6f). The higher pCO2 levels are in part due to the lower pH

values in 2007 (avg. 8.1) versus 2006 (avg. 9.1).

An isolation chamber with stream water plus cobbles and attached periphyton was used

during the 2006 sampling (Fig. 8a). This allowed a comparison of temperature, pH, and

DO between the river and water in the chamber which was isolated from chemical species
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transported to the sampling site from upstream or from hyporheic discharge (Fig. 9).

Consequently, the observed changes in chemistry of the chamber water were dominated by

interactions with the enclosed benthic materials. Temperature and DO both in the chamber

and in the river were similar through the diel period although at night the DO in the

chamber did reach a minimum of about 31 lmol L-1 versus 115 lmol L-1 in the river

(Fig. 9a, c). This night time difference in DO was most likely due to the absence of gas

exchange with the atmosphere in the chamber. The pH in the chamber did not show the

same unusual pattern displayed in the river (Fig. 9b). Since the chamber was refilled with

river water every 2 h, it does show evidence of a subdued version of the decrease in pH

seen in the river at *19:00–20:00. The pH in the water isolated in the chamber showed a

0.13 unit change in pH versus 0.86 units in the river in the time period from 17:00 to 19:00.

Since the pH profile in the chamber was similar to the more typical pattern found in river

systems (i.e., CFR Fig. 3a) and that it was refilled with river water every 2 h emphasizes

the temporal period over which the pH modification can occur. The pCO2 in the chamber

(Fig. 9c), similar to pH, showed a more typical diel behavior and did not show the small

increase around 19:00 as was seen in the river. The potential causes of these differences in

the diel pH and pCO2 patterns in 2006 between the river and the chamber will be discussed

in the next section.

4.2.2 DOC and DIC

A 4.6-fold minimum to maximum diel change in DOC in the BHR was observed in 2006

while no regular diel change in DOC concentration was observed in 2007 (Fig. 10a, b).

The night time peak in DOC concentration in 2006 occurred at *01:00, which coincides

Fig. 8 Pictures of the isolation chamber (a), streaming algal mats (b), area of Ranunculus aquatilis (river
buttercups, c) and river with algal mats near sampling area (d) in the BHR
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approximately with the timing of the maximum values reached by both flow and pH

(Fig. 6a, b). At the same time, the concentration of DIC both in 2006 and 2007 did not

change significantly over the diel period. The load of DOC (concentration 9 flow) in 2006
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shows the same night time increase with a maximum at *01:00 when the flow peaked

while there was no change in load of DOC over the diel period in 2007 (Fig. 10c, d). This

indicates that the diel change in concentration in 2006 (Fig. 10a) was not an artifact of the

change in flow (Fig. 6b) since the load of DOC increased simultaneously. Although the

average load of DIC in 2007 was about 2.4 times higher than in 2006 there was no apparent

regular diel pattern in either year (Fig. 10c, d).

One possible explanation for this significant late afternoon/night time increase in DOC

in 2006 and not in 2007 may be linked to the unusual flow pattern observed in 2006. After

the late afternoon decrease in flow in 2006 (*17:00; Fig. 6b), the following increase may

have included a groundwater influx from bank-storage and/or benthic sediments. This

water may have carried additional concentrations of DOC from decaying organic matter

producing the DOC increase observed in the river. In order to better address the DOC

concentration and pH of bank storage/sediment pore waters during the 2007 sampling,

water was collected from seeps (small springs) along the river bank as well as pore water

withdrawn from the shallow stream bottom sediments. The seeps were on both sides of the

river between 300 and 800 m upstream from the sampling site. The seeps all had higher
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DOC concentrations and lower pH values than the river water at the sampling site (Fig. 11;

Table 1). The average DOC concentration of the seeps was 1,385 lmol C L-1 while the

average DOC in the river over the diel period was 341 lmol C L-1. The DOC concen-

tration of the shallow sediment water sampled was similar to that of the river (Fig. 11),

which is characteristic of shallow, short range hyporheic flow paths (Poole et al. 2008). The

average pH of the seep waters was 6.8 while the average pH of the river during the 2007

diel sampling was 8.1 (9.1 in 2006). This suggests that if the night time increase in DOC in

2006 was due to a significant influx of bank storage water, then the pH should have

decreased simultaneously; not increased. This is not to suggest that streamside/ground-

water contributions of DOC and other solutes did not occur but that those contributions

were relatively constant while the large night time increase in DOC was produced by a

separate process.

Another hypothesis that has been considered to explain the large diel changes in flow

that have been observed periodically during late summer in the BHR has been the presence

of large stretches of algae and macrophytes (Ranunculus aquatilis and other species) that

float to the surface during the day while they are actively photosynthesizing, effectively

forming an ‘‘in-stream’’ dam (see Fig. 8b–d). At night these photosynthetic organisms sink

toward the bottom allowing the trapped water to flow down the river as a wave. This model

is consistent with stream flow observations in this reach of the river during a similar flow

regime in 2005 when the river stage (water level) increased and the flow decreased (C.

Gammons personal communication). This might explain the decrease in flow in the late

afternoon during 2006 followed by an increase in water at night from upstream as the in-

stream damming action ceased. This pulse of water that was retarded by the plants and

algae during the day may have been higher in pH due to photosynthetic removal of CO2

and contain higher amounts of DOC due to leakage of organic photosynthates as discussed

above in Sect. 4.1.2.

This model that conceptualizes a ‘‘wave’’ of water moving down the river can be further

analyzed by looking at the SC of the water over the diel period. The average diel SC of the

river was significantly lower in 2006 (157 lS cm-1 ± 6.7; n = 51) than that of the seeps
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sampled in 2007 (avg. 329 lS cm-1; range: 124–622). Additionally, the effect of the

higher SC of the seeps on the river SC was investigated with a synoptic survey through the

sampling area in 2007. This survey showed consistently higher conductivity water near

the stream banks (avg. 157 ± 4.6 lS cm-1, n = 8) than in the middle of the channel (avg.

147 ± 3.9 lS cm-1, n = 49) which shows that additions of water from streamside areas

were entering the river. Assuming that the chemistry of the seep/groundwater was similar

in the 2 years, the increase in SC of the river observed in 2006 (Fig. 6b) during the late

afternoon when the flow decreased is consistent with a lower volume of river water (lower

SC) relative to groundwater (higher SC). This was then followed by a decrease in SC as the

flow increased in the first part of the night (*21:00–01:00; Fig. 6b) possibly related to an

increase in the volume of river water being advected into the sampling area relative to the

groundwater contributions.

In further support of this model, the DOC concentration and pH in the isolation chamber

did not display the same night time increase observed in the river in 2006 (Fig. 10e). This

difference in DOC and pH behavior between the chamber and the river is consistent with

the model described above suggesting that a ‘‘slug’’ of water migrated downstream that

was higher in pH; passing the BHR sampling site between 17:00 and 01:00. If the increase

in DOC and pH was produced by aquatic vegetation in the direct area of the sampling site,

it should have been observed at some level in the chamber as well as in the river. Addi-

tionally, the DIC concentration in the chamber showed a pattern that is more ‘‘typical’’ of

productive systems with the DIC decreasing during the day, while photosynthesis is the

dominant metabolic process, resulting in a net removal of CO2; followed by increasing

CO2 at night as community respiration returns it to the water column (Fig. 10e). This was

the same pattern observed for the DIC concentration in the CFR (Fig. 4a).

Another possible cause of the large and reproducible abnormal flow cycle observed in

2006 could have been a significant daily change in irrigation withdrawals upstream from

Table 1 Concentrations of DOC from seeps and sediments from the Big Hole River sampled during 2007

Site T (�C) pH SC DO % sat DO lmol/L DOC lmol C/L Location

Seep 1a 20.8 6.76 130 75.2 165 1,252 N 45�48.4290; W 113�19.1470

Seep 1b NA NA NA NA NA 1,442 N 45�48.4290; W 113�19.1470

Seep 2a 25.2 6.88 129 105.2 206 1,155 N 45�48.4330; W 113�19.1640

Seep 2b NA NA NA NA NA 963 N 45�48.4330; W 113�19.1640

Seep 3 19.5 6.23 157 52.0 117 770 N 45�48.4330; W 113�19.1740

Seep 4 23.0 7.12 157 135.5 288 1,252 N 45�48.4360; W 113�19.1950

Seep 5a 20.1 6.91 622 0.9 2.0 1,536 N 45�48.7080; W 113�19.5640

Seep 5b 11.7 7.05 608 43.9 119 1,252 N 45�48.7080; W 113�19.5640

Seep 6 23.4 6.91 167 104.7 214 964 N 45�48.4390; W 113�19.1960

Seep 7 15.6 6.23 124 123.4 278 2,867 N 45�48.4390; W 113�19.2030

Seep 8 11.4 6.83 582 25.0 68 1,442 N 45�48.7120; W 113� 19.5790

Seep 9 10.1 7.40 617 58.8 165 1,725 N 45�48.7070; W 113�19.5670

Sed 1 NA NA NA NA NA 674 N 45�48.4500; W 113�18.7500

Sed 2 NA NA NA NA NA 193 N 45�48.4500; W 113�18.7500

All seeps are between 300 and 800 m upstream from BHR sampling site

T temperature; pH in standard units; SC specific conductivity (lS/cm); NA not available
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the sampling site. The hydrologist for the Montana Department of Natural Resources and

Conservation indicated: (1) that there was no one irrigation structure that could remove that

amount of water upstream from our site; (2) that the irrigators generally don’t turn their

ditches on and off, especially on a regular schedule; and (3) most irrigators were not

withdrawing water at that time of year due to low flows (M. Roberts personal communi-

cation). Consequently it seems unlikely that there was any anthropogenic cause of the flow

pattern observed in 2006.

These explanations for the abnormal flow, pH, and DOC behavior observed in 2006 are

currently the focus of a continued investigation to better understand the hydrology and

biogeochemistry of the upper Big Hole River.

4.2.3 Isotope Composition of DIC

The d13C-DIC was determined for both the 2006 and 2007 samplings in the BHR (Fig. 12).

The pattern is typical of d13C-DIC reported previously (Parker et al. 2005, 2009) and

similar to those observed in 2006 on the CFR (Fig. 5). There was no discernible diel

pattern in DIC concentration in the BHR both during 2006 and 2007 and at the same time

the minimum to maximum isotope composition change was *3.3 and 2.7% in 2006 and

2007, respectively. Additionally, the d13C-DIC in 2006 did not show any influence of the

aberrant pH and flow cycle (Fig. 8a, b) which appears to have been associated with the diel

change in DOC (Fig. 9a). Diel changes in d13C-DIC are influenced by isotopically light

CO2 produced by community respiration, consumption of CO2 by photosynthesis, gas

exchange with the atmosphere, influx of groundwater and dissolution of carbonate min-

erals. Groundwater contributions of DIC do not appear to be significant in controlling the

diel changes in d13C-DIC in 2006 and 2007 in the BHR at this site since these changes are

not correlated with the flow cycles. The daytime increases in d13C-DIC have been

attributed to kinetic fractionation associated with the consumption of CO2 by photosyn-

thesis. Since the average pH in 2006 was *1 unit higher than in 2007 the pCO2 was

significantly lower in 2006 versus 2007 (Fig. 6e, f). In 2006 the pCO2 was below atmo-

spheric levels during the whole diel period while in 2007 the pCO2 dipped below atmo-

spheric levels during a brief period in the afternoon. During this afternoon period in 2007

when the pCO2 was low, the net flux of CO2 would have been from the atmosphere to the

water which would have raised the d13C-DIC toward an equilibrium value of -1 to ?3%.

However, the maximum afternoon d13C-DIC in 2006 and 2007 was -11.5% and -10.5,

respectively, indicating that a balance of metabolic processes was most significant in

determining the isotopic composition of inorganic carbon. At night the d13C-DIC both in

2006 and in 2007 decreased during the period when respiration was the only metabolic

process operating. In 2006 the pCO2 remained below atmospheric levels during the whole

diel period (Fig. 6c) while in 2007 pCO2 increased well above atmospheric equilibrium

over night (Fig. 6f). Gas exchange in 2006 at night should have resulted in a net influx of

atmospheric CO2 which should have caused an increase in d13C-DIC but since the d13C-

DIC continued to decrease, community respiration producing light CO2 must have been the

most significant process affecting the isotope values. In 2007 the night time pCO2

increased well above atmospheric levels which should have resulted in a net efflux of CO2

from the water to the air. Diffusional fractionation associated with outgassing should have

caused the d13C-DIC to increase but it continued to decrease overnight indicating again

that community respiration was again the most significant process influencing the d13C-

DIC in the absence of photosynthesis. This emphasizes the dynamic nature of the inorganic

carbon pool. While the concentration is not changing in a regular manner, the isotopic
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composition of the pool was being modified by changing metabolic rates in this highly

productive system and this was reflected by the diel pattern of d13C-DIC.

5 Conclusions

Diel concentration cycles in DOC were observed in both the CFR and the BHR in 2006 but

very different temporal patterns were observed in these two rivers. No change in DOC

concentration was observed at the same location in the BHR approximately 1 year later

(2007) suggesting that the presence of diel changes in DOC concentration are dependent on

conditions that can change from year-to-year such as different flow regimes (Fig. 6b, e).

The average flow in the BHR in 2007 was *1.7 times higher than in 2006 and had a

different temporal pattern suggesting that the presence of the observed diel changes in

DOC may be linked to circumstances present during extreme low, base flow conditions.

During these extreme low flow events the volume of water in the river is low in relation to

the mass of attached periphyton which could amplify effects such as instream damming

caused by aquatic plants and algae. These hydrologic and biogeochemical dynamics are

not well understood and are the subjects of further study.

The DOC cycle in the BHR in 2006 reached a maximum concentration at *01:00, which

is approximately the time that the flow reached its maximum (Fig. 6b, 7). The pH during the

2006 sampling showed an unusual bi-phasic pattern with a maximum around 14:00 and then

again at about 02:00. Between these two maximums there was a steep drop in pH with a

minimum at *17:00; coincident with the steep drop in flow. Normally pH will reach a

minimum in the early morning (*07:00 in 2007, Fig. 6d). This pH increase during the night

could not have been caused directly by photosynthesis removing CO2 from the water.

However, since the flow increased at the same time this pattern is consistent with a mass of

water moving into this reach that was chemically modified (higher pH, lower conductivity).

Two hypotheses that have been suggested above to explain these data are: (1) increased flow

from streamside regions and/or benthic sediments at night as evapo-transpiration decreased;
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and (2) the possibility that algae and macrophytes in upstream reaches float up and partially

dam the river during the day due to photosynthesis and then sink at night, releasing the

water. The second hypothesis has been suggested to explain the large diel changes in flow

previously observed in this middle reach of the BHR of up to 2.8 m3 s-1 (100% minimum to

maximum) in a period of as little as 2 h (USGS gage data, not shown). These large flow

cycles observed in the past have had similar timing and trends to those of the 2006 flow

reported in this study.

The first explanation is partially supported by preliminary results of samples collected

from a number of seeps along the BHR above the sampling site in 2007. The water from

these seeps had DOC concentrations *4-times higher on the average than the river

(Fig. 11). At the same time water extracted from shallow benthic sediments had DOC

concentrations similar to that of the river. The pH of the water from the seeps was in

general lower than that of the river (avg., 6.8 vs. 8.1; Table 1). Consequently, this makes it

seem unlikely that the increase in pH in conjunction with the increase in DOC observed in

2006 was due to a large influx of water from bank storage in streamside areas above the

sampling site.

The latter explanation predicts a ‘‘slug’’ of water moving downstream that would be of

higher pH due to photosynthetic removal of CO2 during the day and have a higher con-

centration of DOC due to leakage of soluble organic photosynthates. It is interesting to

note that the d13C-DIC during both 2006 and 2007 had the same pattern and in 2006

appeared to show no influence from the observed flow and pH increase during the night

(Fig. 11). This suggests that the biologic processing of inorganic carbon is acting at a time

scale resulting in a ‘‘normal’’ d13C-DIC pattern.

In the CFR, the DOC showed an inverse temporal pattern to that observed in the BHR in

2006. The DOC in the CFR reached a maximum concentration at *16:00 which is con-

sistent with ‘‘leakage’’ of photosynthates during this active photosynthetic period. The

d13C-DOC became isotopically depleted during the afternoon most likely due to incor-

poration of ‘‘light’’ organics produced by photosynthesis and then became enriched during

the night as microbial oxidation of DOC consumed lighter carbon containing compounds at

a faster rate. It is also possible that the isotopically heavier DOC is in part a different class

of compounds that was more recalcitrant and less readily oxidized than the isotopically

lighter, recently synthesized compounds. Additionally, a comparison of the rates of change

in the concentration of DOC and DIC indicates that the night time increase in DIC can not

be solely attributed to microbial oxidation of DOC.

This study emphasizes the importance of the need for a better understanding of the

dynamic nature of diel changes in the concentration of both dissolved inorganic and

organic species in rivers. It also underscores the fact that different patterns of DOC con-

centration can occur seasonally in the same aquatic system. Additionally, it demonstrates a

need to better quantify the types of organic compounds included in the DOC pool in

relation to both the isotopic composition as well as how readily available these forms are

for heterotrophic oxidation. These results also highlight the fact that significant short term

temporal changes in DOC can occur and monitoring protocols for DOC need to take diel

concentration changes into account. Also, predicting diel concentration patterns based on

prior behavior may not always be reliable as shown by the BHR results for 2006 and 2007.

The night time pH maximum observed in the BHR during 2006 that coincided with the

large concentration increase of DOC suggests that these two occurrences may have been

caused by the same process which is also related to the simultaneous increase in flow.

Unfortunately, these ‘‘anomalous’’ flow occurrences don’t happen every year as seen in

2007 but do need to be further investigated when they do happen. This may lead to
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significant insight into the function and response of riverine systems to drought/low flow

and changing land use conditions.

Acknowledgments We thank Heiko Langer, David Nimick and Blaine McClesky for their help with
analytical work. Chris Gammons has been an invaluable resource of information on the CFR and BHR and
provided productive critical insight for this work. This work was funded by the Montana Water Center
through a grant from the USGS 104(b) Water Resources Research Program as well as the Montana Tech
Undergraduate Research Program. S. Poulson was funded by NSF, EAR-0738912. This manuscript was
greatly improved by the comments of two anonymous reviewers.

References

Amon RMW, Benner R (1996) Bacterial utilization of different size classes of dissolved organic matter.
Limniol Ocenaogr 41:41–51

Barth JAC, Veizer J (1999) Carbon cycle in St. Lawrence aquatic ecosystems at Cornwall (Ontario),
Canada: seasonal and spatial variations. Chem Geol 159:107–128

Bianchi TS, Filley T, Dria K, Hatcher PG (2004) Temporal variability in sources of organic carbon in the
lower Mississippi River. Geochim Cosmochim Acta 68:959–967

Bianchi TS, Wysocki LA, Stewart M, Filley TR, McKee BA (2007) Temporal variability in terrestrial-
derived sources of particulate organic carbon in the lower Mississippi River and its upper tributaries.
Geochim Cosmochim Acta 71:4425–4437

Bond BJ, Jones JA, Moore G, Phillips N, Post D, McDonnell JJ (2002) The zone of vegetation influence on
baseflow revealed by diel patterns of streamflow and vegetation water use in a headwater basin. Hydrol
Process 16:1671–1677

Brick CM, Moore JN (1996) Diel variation of trace metals in the upper Clark Fork River, Montana. Environ
Sci Technol 30:1953–1960

Clapp CE, Hayes MHB, Senesi N, Griffith SM (eds) (1998) Humic substances and organic matter in soil and
water environments: characterization, transformations, and interactions. International Humic Sub-
stances Society, Inc., St. Paul

Clark ID, Fritz P (1997) Environmental isotopes in hydrogeology. Lewis Pub, New York
Dalzell BJ, Filley TR, Harbor JM (2007) The role of hydrology in annoual organic carbon loads and

terrestrial organic matter export from a Midwestern agricultural watershed. Geochim Cosmochim Acta
71:1448–1462

Duff BC (2001) Arsenic treatability study utilizing aeration and iron adsorption-coprecipitation at the Warm
Springs Ponds. MS thesis, Montana Tech. Butte, MT USA

Falkowski PG, Raven JA (1997) Aquatic photosynthesis. Blackwell Sciences, Malden
Gaiero D, Probst JL, Depetris PJ, Gauthier-Lafaye F, Stille P (2005) d13C tracing of dissolved inorganic

carbon sources in Patagonian rivers (Argentina). Hydrol Process 19(17):3321–3344
Gammons CH, Ridenour R, Wenz A (2001) Diurnal and longitudinal variations in water quality along the

Big Hole River and tributaries during the drought of August, 2000. Mont Bur Mines Geol 424:39
Open-File Report

Gammons CH, Nimick DA, Parker SR, Cleasby TE, McClesky RB (2005) Diel behavior of iron and other
heavy metals in a mountain stream with acidic to neutral pH: Fisher Creek, MT, USA. Geochim
Cosmochim Acta 69:2505–2516

Gammons CH, Grant TM, Nimick DA, Parker SR, DeGrandpre MD (2007) Diel changes in water chemistry
in an arsenic-rich stream and treatment-pond system. Sci Total Env 384:433–451

Gandhi H, Wiegner TN, Ostrom PH, Kaplan LA, Ostrom NE (2004) Isotopic (13C) analysis of dissolved
organic carbon in stream water using an elemental analyzer coupled to a stable isotope mass spec-
trometer. Rapid Commun Mass Spectrom 18:903–906

Harris D, Porter LK, Paul EA (1997) Continuous flow isotope ratio mass spectrometry of carbon dioxide
trapped as strontium carbonate. Commun Soil Sci Plant Anal 28:747–757

Harrison JA, Matson PA, Fendorf SE (2005) Effects of a diel oxygen cycle on nitrogen transformations and
greenhouse gas emissions in a eutrophied subtropical stream. Aquat Sci 67(3):308–315

Hobbie JE (1992) Microbial control of dissolved organic carbon in lakes—research for the future. Hyd-
robiologia 229:169–180

Hood E, Williams MW, McKnight DM (2005) Sources of dissolved organic matter (DOM) in a rocky
mountain stream using chemical fractionation and stable isotopes. Biogeochemistry 74(2):231–255

Aquat Geochem

123



Hrncir DC, McKnight D (1998) Variation in photoreactivity of iron hydroxides taken from an Acidic
Mountain Stream. Environ Sci Technol 32:2137–2141

Jones CA, Nimick DA, McCleskey B (2004) Relative effect of temperature and pH on diel cycling of
dissolved trace elements in Prickly Pear Creek, Montana. Water Air Soil Pollut 153:95–113

Kaplan LA, Bott TL (1982) Diel fluctuations of DOC generated by algae in a piedmont stream. Limnol
Oceanogr 27(6):1091–1100

Lewis E, Wallace DWR (1998) Program developed for CO2 system calculations. ORNL/CDIAC-105.
Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of
Energy, Oak Ridge, Tennessee; http://cdiac.ornl.gov/oceans/co2rprt.html

Macalady DL (ed) (1998) Perspectives in environmental chemistry. Oxford University Press, New York
Manny BA, Wetzel RG (1973) Diurnal changes in dissolved organic and inorganic carbon and nitrogen in a

hardwater stream. Freshw Biol 3:31–43
McKnight DM, Harnish R, Wershaw RL, Baron JS, Schiff S (1997) Chemical characteristics of particulate,

colloidal and dissolved organic material in Loch Vale Watershed, Rocky Mountain National Park.
Biogeochemistry 36:99–124

Moore JN, Luoma SN (1990) Hazardous wastes from large-scale metal extraction. Environ Sci Technol
24:1279–1285

Nagorski SA, Moore JN, McKinnon TE, Smith DB (2003) Scale-dependent temporal variations in stream
water geochemistry. Environ Sci Technol 37:859–864

Nimick DA, Gammons CH, Cleasby TE, Madison JP, Skaar D, Brick CM (2003) Diel cycles in dissolved
metal concentrations in streams—occurrence and possible causes. Water Resour Res 39:1247. doi:
10.1029/WR001571

Nimick DA, Cleasby TE, McClesky RB (2005) Seasonality of diel cycles of dissolved trace metal con-
centrations in a Rocky Mountain Stream. Env Geol 47:603–614

NOAA (2008) Climate monitoring and diagnostics laboratory, carbon cycle greenhouse gases 2008.
http://www.cmdl.noaa.gov/ccgg/iadv

Odum HT (1956) Primary production in flowing waters. Limnol Oceanogr 1:102–117
Olivie-Lanquet G, Gruau G, Dia A, Riou C, Jaffrezic A, Henin O (2001) Release of trace elements in

wetlands: role of seasonal variability. Water Res 35(4):943–952
Parker SR, Poulson SR, Gammons CH, DeGrandpre MD (2005) Biogeochemical controls on diel cycling of

stable isotopes of dissolved oxygen and dissolved inorganic carbon in the Big Hole River, Montana.
Environ Sci Technol 39:7134–7140. doi:10.1021/es0505595

Parker SR, Gammons CH, Poulson SR, DeGrandpre MD (2007a) Diel changes in pH, dissolved oxygen,
nutrients, trace elements, and the isotopic composition of dissolved inorganic carbon in the upper Clark
Fork River, Montana, USA. Appl Geochem 22:1329–1343. doi:10.1016/j.apgeochem.2007.02.007

Parker SR, Gammons CH, Jones CA, Nimick DA (2007b) Role of hydrous iron oxide formation in atten-
uation and diel cycling of dissolved trace metals in a stream affected by acid rock drainage. Water Air
Soil Pollut 181:247–2663. doi:10.1007/s11270-006-9297-5

Parker SR, Gammons CH, Poulson SR, Weyer CL, Smith MG, Babcock JN, Oba Y (2009) Diel behavior of
stable isotopes (18-O & 13-C) of dissolved oxygen and dissolved inorganic carbon in Montana, USA
rivers, and in a mesocosm experiment. Chemical Geology. doi:10.1016/j.chemgeo.2009.06.016

Parkhurst DL, Appelo CAJ (1999) User’s guide to PHREEQC (Version 2)—a computer program for
speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations: U.S.
Geological Survey Water-Resources Investigations Report 99-4259: 310, http://wwwbrr.cr.usgs.gov/
projects/GWC_coupled/phreeqc/

Pogue TR, Anderson CW (1994) Processes controlling dissolved oxygen and pH in the Upper Willamette
River Basin. US Geol Surv. Water-Resources Investigations Report 95-4205

Poole GC, O’Daniel SJ, Jones KL, Woessner WW, Bernhardt ES, Helton AM, Stanford JA, Boer BR,
Beechie TJ (2008) Hydrological spiraling: the role of multiple interactive flow paths in stream eco-
systems. River Res Applic 24(7):1018–1031. doi 10.1002/rra.1099

Ridenour R (2002) A seasonal and spatial chemical study of the Big Hole River, Southwest Montana. M.S.
Thesis, Montana Tech of The University of Montana, Butte, MT

Saar RA, Weber JH (1982) Fulvic acid: modifier of metal-ion chemistry. Environ Sci Technol 16:510A–
517A

Spencer RGM, Pellerin BA, Bergamaschi BA, Downing BD, Kraus TEC, Smart DR, Dahlgren RA, Hernes
PJ (2007) Diurnal variability in riverine dissolved organic matter compostion determined by in situ
optical measurements in the San Joaquin River (California, USA). Hydrol Process 21:3181–3189. doi:
10.1002/hyp.6887

Thurman EM (1985) Organic geochemistry of natural waters. Kluwer Acad. Pub, Boston

Aquat Geochem

123



Usdowski E, Hoefs J, Menschel G (1979) Relationship between 13C and 18O fractionation and changes in
major element composition in a recent calcite-depositing spring—a model of chemical variations with
inorganic CaCO3 precipitation. Earth Planet Sci Lett 42:267–276

Voelker BM, Morel BM, Sulzberger B (1997) Iron redox cycling in surface waters: effects of humic
substances and light. Environ Sci Technol 31:1004–1111

Volk CJ, Volk CB, Kaplan LA (1997) Chemical composition of biodegradable dissolved organic matter in
streamwater. Limnol Oceanogr 42(1):39–44

Vymazal J (1994) Algae and element cycling in wetlands. Lewis Publishers, CRC Press, Inc., Boca Raton, p
222

Watson V (1989) Maximum levels of attached algae in the Clark Fork River. Proc Mont Acad Sci 49:27–35
Wenz AC (2003) Diurnal variations in the water quality of the Big Hole River. M.S. Thesis, Montana Tech

of The University of Montana, Butte, MT
Wetzel RG, Likens GE (1991) Limnological analysis, 2nd edn. Springer-Verlag, NY
Zeigler SE, Brisco SL (2004) Relationships between the isotopic composition of dissolved organic carbon

and its bioavailability in contrasting Ozark streams. Hydrobiologia 513:153–169
Zeigler SE, Fogel ML (2003) Seasonal and diel relationships between the isotopic compositions of dissolved

and particulate organic matter in freshwater ecosystems. Biogeochemistry 64:25–52

Aquat Geochem

123


