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Abstract. In running water ecosystems, the use of com-
munity attributes to infer biological integrity is wide-
spread. In contrast, functional variables like energy fl ow 
and elemental cycling have received considerably less at-
tention. In this study, we quantify organic carbon spiral-
ing in four reaches of the Middle Snake River (MSR). We 
calculated organic carbon (OC) turnover rates (KOC), mean 
velocities (VOC), and turnover lengths (SOC) by quantify-
ing suspended and benthic pools of organic carbon and 
measuring metabolic rates using both open-system and 
chamber approaches. Ultra-fi ne particulate organic car-

bon (UPOC) dominated both transported and benthic OC 
in all study reaches. KOC was lowest where benthic stand-
ing stocks were greatest and KOC was elevated in summer 
relative to spring and fall. VOC was negatively correlated 
with benthic OC standing stock and greatest in spring 
and early summer when river discharge was highest. 
Turnover lengths (SOC) ranged from 11–108 km and were 
strongly related to temporal patterns in VOC. Comparison 
of the Snake River with other river systems suggests that 
MSR is more retentive and homogeneous than rivers of 
similar size in North America. 
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Introduction

Human activities impact river ecosystems in many ways, 
including the alteration of hydrology and geomorphol-
ogy (Ward and Stanford, 1983; Dynesius and Nilsson, 
1994) and changes in sediment and element loading 
(Maybeck, 1982; Waters, 1995). Bioassessment of riv-
ers is based primarily on attributes of the invertebrate 
and fi sh communities (e. g., Karr, 1999; Hawkins et 
al., 2000), although the need to incorporate functional 
measures in bioassessment has been recognized (Gess-
ner and Chauvet, 2002). Material cycling and energy 
fl ow represent core concepts in ecosystem ecology and 

their application to lotic ecosystems is well developed 
(Odum, 1956; Minshall, 1978; Newbold et al., 1981). 
Recent studies have documented biome-scale variability 
in ecosystem metabolism and nutrient retention in small 
streams (Peterson et al., 2001; Mulholland et al., 2001; 
Webster et al., 2003) and have suggested that functional 
measures will help assess how human activities impact 
streams and rivers. The River Continuum Concept (Van-
note et al., 1980: Minshall et al., 1985) provides a theo-
retical framework for understanding ecosystem function, 
but surprisingly few empirical studies have compared the 
functional properties of large rivers (but see Young and 
Huryn, 1997; 1999).

Organic carbon is supplied to lotic ecosystems from 
autochthonous and allochthonous origins. The combined 
processes of biological utilization and downstream trans-
port determine the ecological fate of these resources 
(Elwood et al., 1983). The relationship between these 
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processes has been used to evaluate the ecological ef-
fi ciency of rivers (Fisher, 1977; Newbold et al., 1982). 
The coincident processes of downstream transport and 
biological activity result in the deformation of elemental 
cycles into spirals with the direction of fl ow serving as a 
central axis (Webster and Patten, 1979). Three facets of 
the spiraling approach make it useful in the analysis of 
stream and river ecosystems. First, spiraling provides a 
means of measuring, reporting, and conceptualizing nu-
trient cycling in lotic environments. Second, the spiraling 
concept explicitly addresses the interactions between hy-
drodynamic characteristics and the ecological processes 
that control nutrient cycling rates. Finally, spiraling em-
phasizes the tight coupling between spatial and temporal 
dimensions in streams.

Though most frequently used to describe the cycling 
of dissolved nutrients, spiraling also is effective in de-
scribing the processing of organic carbon in streams 
(Newbold et al., 1982). Organic carbon turnover length 
(SOC) is defi ned as the distance traveled within a river by 
a carbon atom in an organic form (Newbold et al., 1982). 
As such, values of SOC are a function of the mean veloc-
ity at which organic carbon moves downstream (VOC) and 
the rate at which organic carbon is oxidized by biotic ac-
tivity (KOC). Together, these variables provide a means of 
quantifying the transport and fate of organic carbon and 
provide metrics for comparing the functional attributes of 
stream ecosystems.

In this paper, we examine organic carbon spiraling in 
four reaches of the Middle Snake River (MSR) in South-
ern Idaho, USA. Our goal is to document temporal and 
spatial variability in OC spiraling in this ecosystem and 
to assess whether OC spiraling in the Middle Snake River 
differs from that of other rivers in this region subject to 
less human alteration. We hypothesized that organic car-
bon turnover length (SOC) would be reduced in the MSR 
relative to other locations because: a) high organic matter 
accumulation reduces the net longitudinal velocity of the 
organic matter pool (VOC), and b) nutrient enrichment 
increases organic matter processing rates, decreasing OC 
turnover times (KOC).

Materials and methods

Study site
The Snake River headwaters begin in northwestern Wyo-
ming and eastern Idaho, after which the river fl ows west 
through southern Idaho across the Snake River plain, a 
predominately agricultural area with numerous water 
withdrawals for irrigation. The present study was con-
ducted in the Middle Reach of the Snake River, a 152 km 
segment between Milner and King Hill, Idaho. In this seg-
ment, the river fl ows through a deep canyon (ca. 80–100 
m) with an average channel gradient of 0.33 %. Land use 

in the surrounding watershed is dominated by irrigated 
agriculture and livestock grazing, and several municipali-
ties are located along the MSR. The MSR receives nutrient 
and sediment inputs from point and non-point sources, in-
cluding groundwater, irrigation returns, municipal sewage 
discharges, and aquaculture facilities. During the study, 
the MSR was nutrient rich (Royer et al., 1995), with an 
average NO3 + NO2 concentration of 1.28 and 1.54 mg N/L 
in 1993 and 1994, respectively. Total phosphorus concen-
trations were similarly high, with an average of 172 and 
151 µg/L, respectively, in 1993 and 1994.

Extensive stands of macrophytes were common in the 
Middle Snake and were dominated by Ceratophyllum de-
mersum, Potamogeton pectinatus, and P. crispus. Blooms 
of planktonic and epiphytic algae were frequent during 
the spring and summer months, and the fi lamentous 
alga, Cladophora, formed large mats among the stands 
of macrophytes. Plant biomass in the MSR can exceed 
2,000 g/m2 in dry mass, with Cladophora accounting for 
50 % of the total biomass during the summer period (M. 
Falter, personnel communication).

Our research was conducted at four sites within the 
MSR. Each site consisted of a river reach ranging in 
length from 0.5–1.0 km with minimal lateral inputs. Sites 
were chosen based on spatial relationships with suspect-
ed sources of nutrient and sediment delivery, proximity 
to an upstream mixing region, and logistical constraints, 
such as boat access. Site 1 was upstream of most point 
and non-point pollution sources and had a sediment com-
position of cobble, gravel and sand. Site 2 was ~10 km 
downstream of Site 1 and below the discharge of a major 
wastewater treatment facility, several agricultural return 
channels, and effl uent from an aquaculture facility. Site 
3 was 2 km downstream of Site 2 and was exposed to 
the effl uent from an additional aquaculture facility and 
discharge from a tributary draining an agricultural water-
shed. Site 4 was 6 km downstream of Site 3 and was not 
exposed to additional sediment and nutrient loading of 
substantial magnitude.

Transported organic matter
Transported coarse, fi ne, and ultra-fi ne particulate organic 
carbon fractions (CPOC, FPOC, and UPOC, respectively) 
were collected each season over the same period of time 
community metabolism was measured (see below). Sam-
ples were collected every 8 h for 24 h from the left quar-
ter, middle and right quarter of the up- and downstream 
boundary of each research site. CPOC and FPOC sam-
ples were collected using suspended nested NitexTM nets 
(CPOC net = 1000 µm mesh; FPOC net = 52 µm mesh). 
The volume of water passing through each set of nets was 
determined by measuring the water velocity at the mouth 
of the nets using a water velocity meter. After collection, 
all samples were frozen and returned to the laboratory 
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where they were thawed and dried at 80 °C for at least 
24 h and weighed. Next, samples were combusted for 3 h 
in a muffl e furnace at 550 °C, re-weighed, and the ash-free 
dry mass (AFDM) determined as the difference between 
the initial dry mass and ending ash weight corrected to 
100 % of each sample. AFDM measurements were con-
verted to carbon using a 48.4 % conversion (Royer et al., 
1995). Transported particulate carbon concentrations 
were calculated by dividing a sample’s carbon content by 
the product of the water velocity, collection time and the 
area of the collar used to suspend the nets 

Transported UPOC (0.45–52 µm) was estimated by 
combining water collected using a Van Dorn sampler 
from the fi rst, second, and third quartile of transects 
defi ning the up- and downstream boundary of each site. 
UPOC was isolated by sieving the sample through a 
52 µm mesh net to remove all large particles and then col-
lecting the remaining particulate material on a 0.45 µm 
Whatman GFF fi lter. All fi lters were frozen and returned 
to the laboratory where each sample was dried at 80 °C 
for at least 24 h, cooled to ambient temperatures in a des-
iccator, weighed, combusted for 3 h in a muffl e furnace at 
550 °C, cooled, and re-weighed. Ash-free dry mass and 
carbon content were determined as described above. 

Dissolved organic carbon (DOC) was collected in the 
fi eld coincident with the sampling of particulate fractions. 
Water samples were fi ltered through a pre-combusted 
0.45 µm Whatman glass fi ber fi lter and frozen. Samples 
were thawed in the laboratory, preserved with sulfuric 
acid, and shipped to the USEPA Region 10 Organic 
Laboratory for analysis (Seattle, Washington, USA).

Benthic organic matter
Benthic organic matter was collected from each site in 
September of 1993, and July and September in 1994. 
Thirty samples of benthic material from each site were 
obtained using a petite ponar dredge. Samples within 
a site were collected using a random stratifi ed design 
in which equal numbers of samples (n = 10) were col-
lected from the right, middle, and left thirds of each study 
reach. In the laboratory, samples were fractionated into 
UPOC, FPOC, and CPOC using an appropriate sieve 
series (CPOC and FPOC) and fi ltering a sub-sample of 
the remaining suspension through a 0.45 µm Whatman 
glass fi ber fi lter for UPOC. Each size fraction was dried 
at 80 °C for at least 24 h and AFDM and carbon content 
determined as described above.

Organic matter turnover
Metabolic turnover rates of the organic carbon pool 
were determined using a combination of open system 
techniques (sensu Odum, 1956; Bott, 1996) and com-
ponent specifi c chamber measurements (sensu Dodds 

and Brock, 1998). Multiple methods where necessary to 
establish spiraling behavior of specifi c carbon fractions 
(e. g. FPOM vs. UPOM) and to quantify autotrophic res-
piration (see below).

Biotic processing of the total organic pool. Total organic 
matter turnover was derived from segment-averaged 
respiration rates, estimates of gross photosynthetic pro-
ductivity (PG) and photosynthesis:respiration ratios (PG:
R) for specifi c members of the autotrophic community. 
Segment-scale metabolic activity was quantifi ed using 
the upstream-downstream, oxygen mass balance ap-
proach (Odum, 1956; Bott, 1996). Briefl y, this technique 
quantifi es the change in oxygen concentration as water 
travels between an upstream and a downstream sampling 
site and corrects these changes for the reaeration fl ux be-
tween the atmosphere and the water column to estimate 
daily respiration and photosynthetic activity occurring 
between the 2 sampling sites. 

As a major component of the atmosphere, oxygen 
is readily diffused across the air-water interface. The 
rate and direction that oxygen crosses this surface is a 
function of several variables, including the dissolved 
oxygen defi cit, mean water depth, and average water 
velocity (Bott, 1996). In this study, changes in dissolved 
oxygen due to reaeration were corrected using equations 
presented by Bennett and Rathbun (1972) and Janzer et 
al. (1977). Community respiration (R) was determined 
by summing the reaeration-corrected rate of change in 
dissolved oxygen at night, as outlined by Bott (1996). 
Daily respiration rates were obtained assuming a linear 
increase in respiration from the pre-sunrise rate to the 
post-sunset peak. PG was determined by subtracting 
the respiration rate calculated above from the diffusion 
corrected rate of change in oxygen and summing over 
the daylight period. Respiration and production rates in 
oxygen were converted to carbon using a respiratory and 
photosynthetic quotient of 1.

Chamber measurements of respiration and photosynthe-
sis. Re-circulating plexiglass metabolism chambers were 
used to measure respiration and photosynthetic activity 
of specifi c ecological compartments of the Middle Snake 
River ecosystem. Measures were conducted to estimate 
the heterotrophic contribution to overall respiration (Rhet 
in equation 3; below) and to determine the specifi c turno-
ver rates of FPOC and UPOC+DOC. 

The chambers used in this study were Aliquottm Red 
Deer metabolism chambers, which are similar to those 
used by Dodds and Brock (1998). Each chamber con-
sisted of a 60 × 24 × 10 cm chamber containing three 
hydraulic baffl es. Water was re-circulated through each 
chamber using an in-line submersible pump. Water was 
withdrawn from and returned to the chamber using a 
hydraulically-effi cient manifold system. Internal dis-
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solved oxygen concentration was monitored using Royce 
900tm dissolved oxygen probes and meters. All chamber 
incubations occurred below Site 2 and were variable in 
duration, depending on metabolic activity and ambient 
light conditions. Incubation water was sieved using a 
52 µm NitexTM net and water renewal occurred when 
oxygen fell below 50 % saturation or increased above 
120 % saturation.

Submerged macrophytes. Plant material incubated within 
each metabolism chamber was collected from Site 3 and 
all chambers were fi lled with ambient river water col-
lected from the chamber location (between Sites 2 and 
3). Collection of aquatic macrophytes was conducted by 
hand to insure intact specimens for each experimental run. 
Macrophytes incubated in 1993 included Potamogeton 
pectinatus, Ceratophyllum demersum, and Cladophora 
glomerata (a dominant member of an extensive epiphyte 
community). Plants were attached to the upstream baffl e 
of each chamber using monofi lament line. The stems of 
each incubated plant were severed under water to inhibit 
air bubble formation in the vascular tissue that may have 
developed during handling. 

Epilithon. Rocks and associated epilithon were collected 
from a depth of 0.5–1.0 m from Site 1 and Site 3. Collec-
tion was conducted by hand to insure intact communities 
and to observe the existing orientation of the rock with 
respect to fl ow. Prior to incubation, chambers were fi lled 
with river water that had passed through a 52 µm NitexTM 
mesh net (FPOC-free) from the location where rocks 
were collected. 

FPOC. Fine particulate organic carbon (FPOC) was 
collected using nested NitexTM nets. Nets selectively 
retained particles 53–1000 mm in diameter. Each me-
tabolism chamber was fi lled with river water as described 
above (FPOC-free). Upon initiating incubation, a known 
volume of concentrated FPOC was added into each 
chamber. An equal volume of this slurry was collected, 
frozen, and returned to the laboratory for analyses of ash 
free dry mass (AFDM). 

Ultra-Fine and dissolved organic matter. In each of the 
incubations described above, a UPOC+DOC “blank” 
was run to account for metabolic activity associated with 
these smaller organic carbon fractions and microbial 
growth on chamber surfaces. The metabolic activity of 
UPOC+DOC metabolism was distinguished from that 
associated with chamber biological fouling using dis-
tilled water blanks. Water samples for analysis of UPOC 
and DOC were collected prior to incubations and proc-
essed as described above.

Linear regression was used to determine compo-
nent-specifi c respiration rates during night incubations. 

Respiration were calculated as the difference in the rate 
of change in dissolved oxygen (R = dO2/dt) between 
treatment and control chambers. Daily gross photosyn-
thetic rates were determined using an enzyme saturation 
model (Platt et al., 1980) and measurements of photo-
synthetically active radiation (PAR). The model was of 
the form:

PI = Pmax (1–e– aI) (1)

where Pi = gross photosynthetic rate (P = dO2/dt) at PAR 
intensity I, Pmax = maximum gross photosynthetic rate, 
and a = a constant that describes the initial rate of in-
crease in photosynthesis and ranged from 0.003 to 0.009. 
Photosynthetically active radiation was measured every 
5 min throughout the day using a LiCor™ submersible 
sensor positioned at the top of the metabolic chamber. 
Photosynthesis-irradiance relationships were used to 
scale chamber incubations to daily rates so that a 24-h P:
R ratio could be calculated for each compartment.

Carbon spiraling indices. Indices of carbon spiraling 
were calculated using equations developed by Newbold 
et al. (1982) and applied by Minshall et al. (1992): 

     TOC × QVoc =  (2)
     BOC × w

         RhetKoc =  (3)
     BOC + (TOC × z)

     VocSoc =  (4)
     Koc

     vwatIR =  (5)
     Voc

where: VOC = the net longitudinal velocity of organic 
carbon (m/day), TOC = total transported organic carbon 
concentration (g/m3), Q = discharge (m3/day), BOC = total 
organic carbon benthic standing stock (g/m2), w = mean 
river width (m), KOC = the biotic turnover rate (day–1), Rhet 
= heterotrophic respiration rate, z = mean water depth, 
SOC = organic carbon turnover length (m), IR = the index 
of retention, and vwat = mean water velocity. 

Overall respiration as measured by open system meth-
ods includes the contribution of autotrophic respiration. 
Organic carbon turnover, from the spiraling perspective, 
is strictly a function of heterotrophic respiration (Rhet; 
Young and Huryn, 1999). The relationship between het-
erotrophic and total respiration can be quantifi ed using:

Rhet = Rtotal – ρPG (6)

where ρ equals the fraction of PG oxidized by autotrophic 
respiration. In calculating respiratory activity attributed 
to heterotrophic organisms (Rhet), McIntyre et al. (1964) 
estimated values of ρ equaling 0.14 and 0.42 in grazed 
and ungrazed streams, respectively. Other researchers 
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have assumed values of ρ equal to 0.50 (Webster and 
Meyer, 1997) and 0.20 (Young and Huryn, 1999). In 
this study, ρ  was calculated as the inverse of the mean 
daily PG:R ratio of the various autotrophic components 
(e. g. periphyton, macrophytes) measured in re-circulat-
ing metabolism chambers, average weighted for relative 
abundance. Using this approach, ρ equaled 0.39.

Results

Transported organic carbon
Transported OC was quantifi ed as FPOC, UPOC, and 
DOC because little or no CPOC was collected in the nets. 
Dissolved organic carbon (DOC) was the second most 
abundant category of organic carbon in transport, account-
ing for 25 % of the total longitudinal fl ux. DOC transport, 
although variable, generally decreased through the grow-
ing season. Spatially, DOC was similar among sites and 
remained so through time, except in November when 
DOC at Site 3 was 74 % lower than at Site 1 (Fig. 1a).

Sestonic UPOC (0.45–52 µm) comprised the largest 
portion of organic carbon in transport in the MSR (over-
all mean UPOC = 68 % of total transported OC, Fig. 
1b). Transported UPOC varied in time and space with 
the highest concentrations found in spring, which were 
~2–5 times greater than those in summer and fall. High 
discharge accompanied higher concentrations of sestonic 
UPOC in April. However, discharge in June of 1994 was 
no greater than later dates that year. Rather, high UPOC 
in transport at this time corresponded to elevated sestonic 
algae (Royer, 1995). Spatially, no discernable pattern 
was present in UPOC transport (Fig. 1b).

Transported FPOC ranged from 0.009 to 5.34 g 
AFDM/m3 (Site 2 in September 1993 and Site 1 in 
June 1994, respectively) (Fig. 1c). Average FPOC con-
centrations were similar between 1993 and 1994. In 
1993, FPOC concentrations in August were greater than 
those observed in all other months. In 1994, temporal 
variability in transported FPOC was similar to, but more 
exaggerated than observed for UPOC. In 1994, FPOC 
concentrations were 1–2 orders of magnitude greater 

Table 1.  Total, fi ne and ultra-fi ne particulate organic carbon spiraling parameters calculated for the Middle Reach of the Snake River.  

Site Date Discharge Water 
Velocity

BOC Transported 
OC 

Rhet VOC KOC SOC Tt IR

m3/d m/d g C/m2 g C/m3 g C/m2/d m/d d-1 m d

Total OC
  1 April 4,685,714 12,892   436 4.99 1.00 410 0.0022   184,161    449     32
  1 June 4,746,885 13,059   436 7.44 2.00 619 0.0044   141,187    228     21
  1 July 5,175,084 13,120   435 2.75 1.70 250 0.0038    65,120    261     53
  1 September 1,450,981  4,544 1,164 3.83 2.50  36 0.0021    17,105    469    125

  2 July 7,340,544 14,806 1,388 2.90 4.70 134 0.0034    40,022    298    110

  3 April 7,707,571 15,652 1,499 5.15 2.30 164 0.0015   107,645    659     96
  3 June 7,095,859 14,407 1,499 5.21 4.10 152 0.0027    56,248    369     95
  3 July 7,976,725 16,147 1,499 2.43 3.30  80 0.0022    36,362    456    203
  3 September 4,893,696 11,423 1,672 2.32 6.10  42 0.0036     11,531    275    273
  3 November 3,914,957  9,137 1,672 2.16 2.20  31 0.0013    23,753    763    293

  4 July 8,710,779 20,281   693 2.73 5.00 389 0.0071    54,982    141     52

FPOC
  3 April 7,707,571 15,652   520 0.37 3.20  34 0.0061     5,515    163    462
  3 June 7,095,859 14,407   520 0.29 0.66  24 0.0013    19,240    787    590
  3 June 7,095,859 14,407   520 0.29 0.19  24 0.0004    67,875  2,778    590
  3 July 7,976,725 16,147   520 0.05 3.14   5 0.0060       768    166  3,479
  3 November 3,914,957  9,137   973 0.03 2.25   1 0.0023       312    433 12,678

VFPOC + DOC
  3 April 7,707,571 15,652   952 4.44 0.24 222 0.0003   886,629  4,000      71
  3 June 7,095,859 14,407   952 6.13 0.06 282 0.0001 4,697,109 16,667      51
  3 June 7,095,859 14,407   952 6.13 1.42 282 0.0015   193,032    685      51
  3 July 7,976,725 16,147   952 3.25 2.66 168 0.0028    60,688    361      96
  3 July 7,976,725 16,147   952 3.25 3.83 168 0.0040    42,237    251      96
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during spring than in summer and fall. No consistent 
spatial pattern was observed in transported FPOC in the 
Middle Snake River.

Benthic organic matter
Ultra-fi ne particles (UPOC) dominated the benthic 
organic carbon pool (Fig. 2). Signifi cant differences 
occurred among size fractions of OC (p < 0.01) and 
post-hoc testing indicated that UPOC was signifi cantly 
greater than FPOC or CPOC (p < 0.01), but that FPOC 
and CPOC abundance were not signifi cantly different 
(p = 0.552). UPOC comprised 65 % of all material col-
lected, FPOC equaled 28 %, and CPOC 7 %. Signifi cant 

differences were also detected for sampling location 
within a site (left, right, and middle thirds; p < 0.01), 
but not among sites (p = 0.427). Total benthic OC was 
greater on either bank than in the middle of the channel 
(Fig. 2d). Signifi cant differences in total BOC were not 
observed between years (p = 0.867) or sampling dates 
within a year (p = 0.578).

Carbon spiraling
Respiration rates. Total ecosystem respiration (Rtot) 
ranged from 1.25–10.61 g C/m2/d. Variability in PG 
spanned a similar range, 0.88–10.37 g C/m2/d. Applying 
equation 6 produced estimates of Rhet that ranged from 
0.86–6.05 g C/m2/d. Total OC turnover rates (KOC; eq. 3) 
ranged from 0.0013 to 0.0071 d–1. In July, KOC was great-
est at Site 4 and lowest at Site 3 (Table 1). Variability in 
KOC was infl uenced by variations in BOC and Rhet (r

2 = 
0.20 and 0.25, respectively) but insensitive to changes 
in transport concentration (C; r2 < 0.01). Temporally, 
OC turnover rates  tended to be higher in summer than 
in April or November. At Site 1, KOC declined substan-
tially in September, resembling KOC values in April. In 
contrast, KOC remained high through September at Site 3. 
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Figure 1. Transported dissolved, ultra-fi ne, and fi ne particulate 
carbon (DOC, UPOC, and FPOC, respectively) in the Middle Snake 
River. DOC and UPOC data are from 1994 only. Error bars repre-
sent +1 standard deviation.

Figure 2. Benthic Organic Carbon standing stocks in the Middle 
Snake River: (a) coarse particulate organic carbon (>1000 um), (b) 
fi ne particulate organic carbon (52–1000 um), (c) ultra-fi ne particu-
late organic carbon (0.45–52 um) and (d) total organic carbon. L, M 
and R refer to the left, middle, and right thirds of the channel.
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The inverse of KOC represents the mean turnover time (Tt) 
of the OC pool (Table 1). Tt ranged from 141 d at Site 4 
in July to 658 d at Site 3 in April.

FPOC and UPOC+DOC respiration was determined 
directly from biomass-specifi c respiration rates deter-
mined in the metabolism chambers. Respiration rates as-
sociated with FPOC ranged from 0.0004–0.0061 d–1 (Ta-
ble 1). Similarly, UPOC+DOC respiration rates ranged 
from 0.0001–0.0040 d–1. Multiplying respiration rates by 
standing stock measurements from Site 3 predicted areal 
respiration rates of 0.19–3.20 and 0.06–3.83 g C/m2/d for 
FPOC and UPOC+DOC, respectively (Table 1). These 
estimates fall within the same range as those determined 
by open system analysis but poorly refl ect the temporal 
variability observed in the latter data set and, at times, 
exceeded open system values (e. g. April and July, data 
not shown).

Longitudinal velocity. The net downstream velocity of 
the total OC pool in the MSR ranged from 31–619 m/d 
(Table 1). Variation in VOC was primarily a function of 
the relative abundance of transported versus benthic or-
ganic carbon (TOC:BOC; r2 = 0.91, p < 0.01) rather than 
changes in discharge (r2 = 0.02, p = 0.65). VOC was higher 
in the spring months than in summer and fall, similar to 
trends observed in transported UPOC and FPOC. How-
ever, while trends in VOC and transported UPOC were 
similar, the magnitude of temporal variation in these 
parameters was not due to the infl uence of benthic UPOC 
and transported DOC (Table 1). VOC was higher at Site 1 
than Site 3. In July, VOC declined progressively from Site 
1 to Site 3, but increased dramatically at Site 4. 

The longitudinal velocity of FPOC at Site 3 was 
considerably lower than that of the total organic pool, 
ranging from 1–34 m/d. A consistent decline in the VOC 
of FPOC was observed through the growing season, 
refl ecting the diminishing pool of transported FPOC dur-
ing that time (Fig. 1c). UPOC+DOC velocity was higher 
than total OC at Site 3 and peaked in June. 

OC turnover length. Turnover length (SOC) ranged from 
11–184 km (September at Site 3 and June at Site 1, 
respectively) (Table 1) and was more strongly associ-
ated with vwat and VOC (r2 = 0.62 and 0.55, respectively) 
than BOC (r2 = 0.44). Turnover length was consistently 
greater at Site 1 than Site 3. However, SOC varied little 
among sites in July when data were available from all 
locations (Table 1). SOC declined from April to September 
at Sites 1 and 3, but increased again in November at Site 
3. FPOC-specifi c SOC (SFPOC) was shorter and SUPOC+DOC 
was much longer than SOC calculated for the entire OC 
pool (Table 1).

Index of retention. The index of retention (IR) varied by 
an order of magnitude, ranging from ~30–300 (Table 1). 

Variation in IR was most strongly associated with BOC 
(r2 = 0.66, p = 0.02) rather than transported OC or water 
velocity (r = 0.41 and 0.12, p = 0.11 and 0.52, respec-
tively). Variation in IR through the growing season was 
opposite that observed in VOC (Table 1). IR suggested that 
retention increased from Site 1 to Site 3, but decreased 
between Site 3 and 4. FPOC was more effectively re-
tained (relative to water) than the overall OC pool and 
became increasingly so through the year, differing by a 
factor of 4 in April but by more than 40 by November. 
UPOC+DOC retention was low and without a distinct 
temporal trend (Table 1). 

Discussion

Understanding organic matter dynamics in river ecosys-
tems requires integrating knowledge of biological activ-
ity with hydrological transport. Carbon turnover length is 
one means of effectively coupling these processes. The 
longitudinal movement of OC in streams is envisioned as 
a saltation process in which individual particles remain 
spatially stable when in the benthos but move down-
stream at the mean water velocity when suspended (El-
wood et al., 1983; Newbold et al., 1982; Minshall et al., 
1992; Cushing et al., 1993). A number of recent studies 
have used labeled particles to quantify deposition dis-
tances (e. g. Minshall et al., 2000; Thomas et al., 2001). 
However, the number of deposition-resuspension events 
that occur over the lifetime of a particle remains unclear, 
although estimates of saltation frequency have recently 
been estimated (Newbold et al., 2005).

OC velocity (VOC)
Fluvial geomorphologists have long identifi ed a positive 
relationship between stream discharge and suspended 
load (Leopold and Maddock, 1953). Less is known 
about the relationship between discharge and transported 
organic matter, although a positive relationship is often 
presumed because of the association between inorganic 
particles and organic biofi lms (Webster et al., 1988). We 
expected that discharge would be positively associated 
with estimates of VOC via associated increases in trans-
ported OC and consequent reductions in benthic OC. In 
this study, these associations were not observed for either 
total transported OC or transported FPOC. Insuffi cient 
data were available to statistically assess the association 
between discharge and transported UPOC+DOC, but an 
inverse relationship is indicated in Table 1. One explana-
tion for the poor relationship between suspended OC and 
stream fl ow may be the infl uence of sestonic primary pro-
duction during specifi c time periods. Low sestonic chlo-
rophyll a concentrations observed in July relative to other 
months supports this conclusion (Royer et al., 1995). 
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Additionally, changes in external loading (e. g. organic 
sediment discharged from aquaculture facilities) may 
have infl uenced the observed pattern, although data are 
not available to either support or refute this hypothesis. 
The poor relationship between transported OC and dis-
charge translated to an equally poor association between 
VOC and discharge (r2 = 0.02, p = 0.71). Spatial variability 
in VOC refl ected differences in the magnitude of the BOC 
pool (r2 = 0.71, p < 0.01). VOC in the MSR was less vari-
able among sites than measures of VOC in similar-sized 
reaches of the Salmon River (336–17,547 m/d; Minshall 
et al., 1992) and the Kootenai River (36–7,858 m/d; Sny-
der and Minshall, 1994).

Minshall et al. (1992) introduced the index of reten-
tion (IR) for assessing the retentive capacity of stream 
reaches with respect to OC transport. As IR approaches 
1, streams act as conduits delivering materials down-
stream at rates approaching vwat. In the Salmon River, 
Minshall et al. (1992) demonstrated that IR declined 
as streams coalesced into rivers. In 2 river segments 
bracketing the discharge observed in this study, they 
calculated IR values of 28 and 1.2, whereas values of 
IR in the MSR ranged from 30–162, indicating that the 
Middle Snake River is considerably more retentive of 
OC than similar size reaches of the Salmon River. FPOC 
and UPOC+DOC retention differed considerably from 
one another and bracketed estimates for the total organic 
matter pool (Table 1), indicating that much of the export 
of organic matter from the MSR is ultra-fi ne particles or 
part of the dissolved load.

OC turnover (KOC)
Another measure used to calculate turnover length is 
the OC turnover rate (KOC). In the MSR, KOC was most 
strongly infl uenced by Rhet and to a lesser extent BOC. 
Within a site, variability in KOC closely followed changes 
in Rhet.  Lower turnover in April relative to June and July 
probably refl ected temporal patterns in temperature and 
OC quality rather than nutrient limitation since nutrient 
diffusing substrates failed to illicit a strong biofi lm re-
sponse (S.A. Thomas, unpublished data). Changes in ben-
thic OC between July and September strongly infl uenced 
turnover rates at Site 1 (0.018 and 0.009, respectively). 
Conversely, moderate changes in benthic OC between 
July and September at Site 3 were compensated by higher 
Rhet, increasing OC turnover in September relative to July 
(Table 2). Therefore, it appears that the temporal variabil-
ity of OC turnover observed in this study was probably a 
function of variable microbial activity (as refl ected in Rhet) 
rather than temporal changes in BOC. However, spatial 
variance in KOC was controlled by the interaction between 
areal respiration and benthic OC concentration.

Turnover rates of FPOC and UPOC+DOC correlated 
poorly with total OC turnover. In April 1994, mean turno-

ver times of FPOC and UPOC+DOC straddled estimates 
of total OC (163, 4000, and 658 d, respectively). Alter-
natively, cycling rates of FPOC and UPOC+DOC were 
much slower than those estimated for the total OC pool in 
June and faster in July (Table 1). Back calculating areal 
respiration rates from chamber measurements frequently 
resulted in rates greater than those estimated using open 
system techniques. These inconsistencies may have re-
sulted from inadequate representation of ambient condi-
tions in the chamber, poor representation of FPOC and 
UPOC+DOC in the incubated material, or errors associ-
ated with our estimates of benthic standing stocks. For 
example, FPOC and UPOC activity (benthic and trans-
ported) was assessed while the material was suspended in 
the re-circulating chamber, and may have increased oxy-
gen availability and aerobic respiration relative to benthic 
environments. Alternatively, metabolically active UPOC 
and FPOC benthic standing stocks may have been poorly 
sampled. The petite ponar dredge used in this study is ca-
pable of sampling 20 cm of surface sediments. However, 
benthic standing stocks greater than our estimates would 
have led to an under estimation of respiration by chamber 
versus open system methods. Rather, our methods may 
have collected material that was less metabolically active 
than the incubated material.

OC turnover length (SOC)
Comparing turnover lengths among systems for assessing 
the effi ciency of specifi c river reaches to use OC resources 
is compromised by the infl uence of discharge (Young and 
Huryn, 1999). The index of retention (IR) allows compari-
son of retention among streams of varying size. However, 
IR conveys no information regarding the biological use of 
OC during the saltation sequence. To address this issue, 
Young and Huryn (1999) accumulated data from previous 
studies and regressed discharge against turnover length. 
They then compared individual sites to the common re-
gression line to assess the relative retentive capacity of 
specifi c streams. We have conducted a similar analysis to 
place the Middle Snake River data set into a broader geo-
graphic context (Fig. 3). The SOC data for the total OC pool 
from the MSR are consistently below the common regres-
sion line, indicating that these sites turnover OC resources 
over shorter distances than would be predicted given 
their discharge. Temporal variation in SOC was equally 
infl uenced by variation in KOC and VOC. Increased sum-
mer turnover rates complemented declining longitudinal 
transport to produce declining turnover distances through 
the 1994 growing season (April to September).

VOC – KOC diagrams
Organic Carbon turnover lengths provide one means of 
comparing and contrasting streams with respect to their 
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effi ciency of OC use. Shorter SOC values indicate that 
organic substrates are metabolized closer to their origin 
within the stream, although dissimilar stream reaches 
can produce the same turnover length. For example, the 
Salmon River at Shoup (Minshall et al., 1992) and our 
Site 1 had similar summer OC turnover lengths (65 and 
66 km, respectively) despite differing substantially with 
respect to OC transport (3702 vs. 1238 m, respectively), 
OC turnover (0.057 and 0.012/d, respectively), benthic 
OC (15 and 436 g/m2, respectively) and transported OC 
(0.9 and 14.9 g/m3, respectively).

Plotting VOC versus KOC creates an ecological space 
defi ned by rates of biological processing and hydrologi-
cal transport. Webster et al. (1999) fi rst used this format 
to assess the cycling and transport dynamics of various 
types of detritus (e. g. wood, twigs, leaves, etc). Using 
this format to compare the Middle Snake River to other 
large rivers for which these indices can be calculated 
(Fig. 4) indicates that the MSR is considerably more 
homogeneous than other large rivers, especially with re-
spect to OC turnover rates (KOC). This graphical approach 
also discriminates between the Salmon River (Minshall 
et al., 1992) and the MSR, despite the similar SOC values 
discussed above.

Our results indicate that conditions in the Snake River 
have retarded OC transport and promoted turnover rates 
relative to comparable river systems in Idaho (Minshall 
et al., 1992, Snyder and Minshall, 1994) and elsewhere 
(Naiman et al., 1987; Young and Huryn, 1999). The Mid-
dle Snake River is infl uenced by a host of human activi-
ties, including fl ow regulation, nutrient enrichment and 
sediment loading. Proportional changes in transport and 
turnover can potentially maintain a consistent turnover 
length. In the Snake River, the accumulation of organic 
rich sediments and the reduction of discharge events ca-

pable of moving these sediments have outpaced increase 
in turnover rates to reduce turnover lengths relative to 
those expected for rivers of comparable size.

Organic carbon spiraling is an ecosystem param-
eter that combines structural (BOC, TOC, Q, etc) and 
functional attributes of a river. By combining transport 
properties with ecological processes, spiraling addresses 
two dominant but competing characteristics of stream 
ecosystems. In this study, we quantify organic carbon 
spiraling in a river subject to a variety of human activities 
and discuss how this system compares to rivers of similar 
size in North America for which data are available. Spi-
raling metrics provide a set of ecosystem scale variables 
for comparing river ecosystems. Our research suggests 
that these variables may be sensitive to human activity 
and, as such, provide an ecosystem scale metric for as-
sessing river health. 
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