
J. N. Am. Benthol. Soc., 2007,26(3)375389 
8 by The North Ameriran Benthological S d e t y  

Spiraling down the river continuum: stream ecology and the 
U-shaped curve 

Jackson R websterl 
Department of Biological Sciences, Virginia Polytechnic institute and Stafe University, 

Blacksburg, Virginia 24061 USA 

Abstract. The spiraling concept provides an explicit approach to modeling the longitudinal linkages within 
a river continuum. I developed a spiraling-based model for particulate organic C dynamics in the Little 
Tennessee River to synthesize existing data and to illustrate our m t  understanding of emsystem 
processes in river ecosystems. The Little Tennessee River is a medium-sized river Bowing -100 km through 
the southern Appalachian Mountains of northern Georgia and western North Carolina (VSA). Across thii 
distance, allochthonous inputs decrease and autochthonous production increases, resulting in a U-shaped 
curve of energy input. The model was set up as an advecting seston compartment interacting with 3 benthic 
compartments: coarse benthic organic matter, fine benthic organic matter, and autotrophs. Model-estimated 
ecosystem respiration was consistently lower than measured values, suggesting a need to evaluate our 
measurements of whole-stream metabolism. Also, model-predicted seston concentrations were generally 
lower than measured values, reflecting a need to consider additional sources of organic C in the model. For 
the whole river system, leaves accounted for 19% of inputs, primarily near the headwaters, and the 
remaining input was from instream primary production in the lower reaches of the river. Almost H of the 
input was respired, 28% by autotrophic respiration and 21% by heterotrophic respiration, and the remaining 
51% was transported downstream. Ecosystem efficiency was -50% along the length of the river, and 
hunover length increased from several hundred meters at the headwaters to >I00 km downstream. Based 
on various measures, the transition from heterotrophy to autotrophy ranged from 25 to >I00 km 
downstream from the headwaters. As this model illustrates, a consequence of downstream transport is that 
much of the particulate C in streams is metabolized a considerable distance downstream from where it 
enters the stream. This longitudinal linkage is essential to our understanding of stream ecosystems. 
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Scientists feel comfortable with relationships in 
which one variable, the dependent variable, changes 
in direct proportion to changes in another variable. 
Relationships where changes of the independent 
variable cause a positive response at one end of the 
spectrum and a negative response at the other end are 
much less satisfying, but these U-shaped or hump 
backed curves are often interesting. A common 
example is the effect of temperature on simple 
biological processes--a temperature increase at low 
temperatures accelerates biological process'es, but the 
same increase at high temperatures slows down 
processes as proteins are denatured. In general, these 
U-shaped curves are observed where the relationship 
between the 2 variables is not a direct causal link but 
rather an indirect relationship in which the indepen- 
dent variable is acting through 2 (or more) direct 
causal links. Such a relationship occurs in the river 
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continuum (Vannote et al. 1980) when we look at 
various processes vs stream order or any other 
measure of stream size. If we plot energy input along 
a continuum from forested headwaters to a medium- 
sized river (ISt to -7th order), we see a decrease in 
energy input over the first several orders and then an 
increase in the downstream reaches (e.g., Naiman et aL 
1987). This pattern is the result of 2 causal pathways. 
As the stream becomes larger, it widens and allochth- 
onous input decreases. But as it widens, riparian 
shading decreases and autochthonous inputs increase. 
The result is a U-shaped curve of energy input. 

Exceptions to thii pattern (e.g., Winterbourn 1981.) 
include streams that begin in grasslands or deserts or 
where desert streams lose flow downstream. However, 
it is incorrect to think of these exceptions as demon- 
strating that the River Continuum Concept (RCC) does 
not apply to these streams. The RCC is more than a 
description of a pattern found in many streams, such 
as those in eastern North America. Although the 
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FIG. 1. A.--Gradient of the Little Tennessee River (LTR) 
based on elevations read from 1:'24,000-scale US Geological 
Survey WSGS) maps. Bars at the bottom of the figure 
indicate stream order (see text). 8.-Average annual dis- 
charge in the LTR (data are from US Forest Service, Coweeta 
Hydrologic Laboratory, Otto, North Carolina, and USGS, 
http://waterdata.usgs.gov/nc/nwis). Regression line in (8) 
is a power function (? = 0.997). 

original RCC paper (Vannote et al. 1980) emphasized a 
description of a river with its origin in a forested 
watershed, the authors also postulated that down- 
stream communities are structured to capitalize on 
inefficiencies of upstream processing. This more 
fundamental aspect of the river continuum was 
elaborated in later papers (e.g., Minshall et al. 1985) 
in which they stated, "Streams are . . . longitudinally 
linked systems in which ecosystem-level processes in 
downstream areas are linked to those in upstream 
areas." Understanding the relationships between 
stream size, energy inputs, and this longitudinal 
linkage requires a conceptual approach that explicitly 
recognizes longitudinal transport in streams. The 
spiraling concept (Webster and Patten 1979) provides 
this approach, and the spiraling metrics developed by 
Newbold et al. (1981) and Elwood et al. (1983) give us 
the tools for evaluating the strength and importance of 
longitudinal linkage within a river continuum. Spiral- 
ing is a metaphor ta describe the coupled transforma- 
tion and transport of materials in stream ecosystems. 
Materials do not physically move downstream in a 
spiral, but metaphors such as spiraling are helpful to 

our understanding of complex ecological processes 
(Proctor and Larson 2005). 

The objective of my study was to develop a 
spiraling-based model, i.e., one that explicitly recog- 
nizes both transport and exchange between benthic 
and transport system components. I applied this 
model to the Little Tennessee River (LTR) to synthesize 
existing data collected as part of the Coweeta Long- 
Term Ecological Research program, to illustrate our 
current understanding of organic matter processes in 
this river, and to show where inadequate information 
limits this understanding. 

Site Description 

Physical characteristics 

LTR begins in north Georgia (USA) and flows 
northward into North Carolina and Tennessee where 
it joins the Tennessee River. Approximately 100 km 
from the headwaters, it enters Fontana Reservoir, a 
logical downstream boundary for my study. The 
watershed of the LTR is -1200 lan2 upstream of 
Fontana Reservoir. This area is mountainous with 
peaks reaching >I500 m asl. Forest covers -90% of the 
watershed, with most of the remaining area in pasture 
agriculture in the valleys (USGS 2002). Small areas of 
intense row-crop agriculture are along the river in the 
valley, and -1 % of the area is developed, mostly in the 
towns of Franklin and Highlands, North Carolina. 
Much of the forest land is National Forest, and all of 
the forests were logged in the last century. The forests 
are dominated by oaks (Qumcus spp.), hickories (Carya 
spp.), red maple (Acer rubrum), and yellow poplar 
(Liriodendron tulipifera). 

Based on blue lines on US Geological Survey (USGS) 
1 :24,000 scale maps, the LTR is a 5th-order river 
(Strahler 1957); however, based on a more detailed 
1 : 7200 scale map of Coweeta Hydrologic Laboratory 
(Coweeta), which is in the LTR watershed, Coweeta 
Creek is 5th order (Grubaugh et al. 19971, making the 
LTR 7th order. I used the relationship between order 
and stream distance from the Coweeta map, but 1 
applied it to the Keener Creek headwaters of the LTR 
in north Georgia. The river drops from 975 m as1 at the 
headwaters to 540 m at the Needmore USGS gage 90 
km downstream (Fig. IA). The gradient is very steep 
in the headwaters, somewhat less steep as the river 
meanders through a fairly wide valley, and then 
steeper again as the river turns northwest and begins 
its cut through the spine of the Appalachian Moun- 
tains. Based on US Forest Service stream gages 
at Coweeta and USGS gages on the LTR (http:// 
waterdata.usgs.gov/nc/nwis), annual discharge in- 
creases predictably with distance. (Fig. 1B) and 



averages 29.9 m3/s at the Needrnore gage (1944-2005; 
USGS gage no. 03503000). 

Stream width and average depth were measured 
every 10 m at Coweeta from the headwaters of Ball 
Creek downstream to the Forest Service boundary 
(5.25 km; JRW, J. B. Wallace, University of Georgia, J. 
M. Meyer, University of Georgia, E. F. Benfield, 
Virginia Polytechnic Institute and State University, 
and G. D. Grossman, University of Georgia, unpub- 
lished data). Grubaugh et al. (1997) reported 3 stream 
widths and depths in Coweeta Creek from Coweeta to 
its confluence with the LTR. Widths also were 
measured at 12 sites in the LTR downstream of 
Coweeta Creek (Neatrour et al. 20041, but there are 
only 4 measurements of average depth in this part of 
the river (McTammany et al. 2003). These measure- 
ments indicate that depth increases linearly with 
distance (Fig. 2A) with a few unusually deep pools 
at -5 km. Width measurements (Fig. 2B) were 
consistent with the observation that between -20 km 
and 60 km the river is deeply incised and confined to a 
relatively narrow channel within a broad floodplain. 
Downstream, the river is broader and becomes 
somewhat steeper. 

I used the regression lines of annual discharge, 
width, and depth to estimate velocity along the river 
(Fig. 2C). Estimated velocity increased downstream in 
the upper, steep reaches, reached a maximum in the 
mid-reaches, and then decreased again downstream 
(Fig. 2C). The estimates are consistent with velocity 
measurements made with conservative tracer releases 
(D'Angelo et al. 1993, McTamrnany et al. 2003). 

Energy input 

Allochthonous inputs of leaf and woody litter from 
riparian forests to small streams (1''-4~ order) have 
been measured several times at Coweeta using litter 
traps placed over or adjacent to streams (Webster and 
Waide 1982, Webster et al. 1990, Wallace et aL 1997, 
M e l d  et al. 2000). Also, Neatrour et al. (2004) 
estimated litker inputs at 12 sites along the LTR in the 
5th- to 7th-order reach. Litter traps were placed on the 
stream bank, and river input was calculated based on a 
model with a linear decrease of litterfall out to 10 m 
from the shoreline. Litter inputs to the small streams in 
the heavily fomted headwaters are very high but 
decrease rapidly as the river becomes wider (Fig. 3A). 

Autochthonous primary production also has been 
measured several times in small Coweeta streams Fig. 
3B) using either 14c uptake in chambers (Hains 1981) 
or open-channel 0 2  exchange Muholland et al. 1997, 
I? J. Muholland, Oak Ridge National Laboratory, 
unpublished data; W. M. Valett, Virginia Polytechnic 
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FIG. 2. Depth (A), width {B), and average velocity (C) in 
the Little Tennessee River. Velocity (line) was calculated from 
discharge (Fig. lB), depth, and width. Lines in (A) and 03) are 
regression lies (depth: linear, P = 0.80; width: 3*-order 
polynomial, ? = 0.73). Depth and width data are from JRW, J. 
B. Wallace, University of Georgia, J. L. Meyer, University, of 
Georgia, E. E Benfield, University of Georgia, and G. D. 
Grossman, University of Georgia, unpublished data ( c k b ) ;  
Grubaugh et al. 1W7 (squares); Neatrour et al. 2004 (triangles 
down); and McTammany et al. 2003 (triangles up). Data 
points in (C) are measurements of D'Angelo et al. 1993 
(a&) and McTammany et al. 2003 (triangles). 

Institute and State University, S. A. Thomas, Univer- 
isty of Nebraska, and JRW, unpublished data; JRW, H. 
M. Valett, and B. R. Niederlehner, Virginia Polytechnic 
Institute and State University, unpublished data). 
McTammany et al. (2003) also measured primary 
production along the 6&- to 7th-order LTR using 
open-channel 02 exchange. All but one of these studies 
measured whole-stream metabolism and thereby 
included production by submerged macrophytes and 
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FIG. 3. Litterfall input (A), gross primary production 
(GPP) (B), and total energy inputs (Ushaped curve) (C) in 
the Little Tennessee River. Lines in (A) and (B) are regression 
lines (litterfalk negative exponential, ? = 0.94; GPP: sigmoid 
function, 2 = 0,97). All litterfall data are annual estimates as 
reported by the authors. All GPP values are I-time 
measurements except for the annual values reported by 
McTanunany et al. (2003). Leaf input in (C) includes lateral 
input from Webster and Waide (1982), Webster et al. (1990), 
and Wallace et al. (1997). Regression line for GPP (sigmoid 
function, 2 = 0.97) is fit to data of Hains 1981 (circles); 
Mulholland et al. 1997 (triangle down); McTammany et al. 
2005 (triangles up); Webster et al. 2003 (square); H. M. Valett, 
Virginia Polytechnic Institute and State University, S. A. 
Thomas, University of Nebraska, and JRW, unpublished data 
(open circles); JRW, H. M. Valett, and 8. R. Niederlehner, 
V i a  Polytechnic Institute and State University, unpub- 
lished data (open squares). 

bryophytes. The chamber measurements made by 
Hains (1981) were in a small stream with no 
macrophytes and very little bryophyte production. 
Results of these studies show that primary production 

is very low in the heavily shaded small streams at 
Coweeta and much higher downstream. I have chosen 
to fit these data with a sigmoid curve on the 
assumption that primary production plateaus in mid- 
order reaches (Vannote et al. 1980), but statistically a 
linear or exponential curve would fit the data equally 
well. 

Combining the regression curves for litter inputs 
(but also including lateral input from Webster and 
Waide 1982, Webster et al. 1990, and Wallace et al. 
1997; Fig. 3A) and gross primary production (GPP) 
(Fig. 3B) illustrates the U-shaped curve of energy input 
along this river continuum (Fig. 3C). Minimum energy 
input occurs in the 5ih-order reach, about 17 km 
downstream of the headwaters. 

Model Development 

I used a very basic model of biological processes 
(Fig. 4) with 3 benthic compartments-fine benthic 
organic matter (FBOM), coarse benthic organic matter 
(CBOM), and auto t ropband 1 compartment for 
suspended particles in transport (seston). I used 
autotrophs to include attached algae, bryophytes, 
and the submersed macrophyte Podostemum cerato- 
phyllurn, which is abundant in downstream areas of the 
LTfZ (Grubaugh et at. 1997, Hutchens et al. 2004, Rosi- 
Marshall and Meyer 2004). Fluxes into and out of these 
compartments were calculated as follows: 

GPP.-I calculated GPP as a function of river 
distance using the regression in Fig. 3B. 

Autotrophic respiration.-I calculated respiration by 
attached autotrophs as 35% of GPP. Autotrophic 
respiration (BA) generally is given as 50% of GPP for 
terrestrial plants (e.g., Schlesinger 1997), but studies of 

f Respiration 
b. 

7 CBOM 
Respiration 

FIG. 4. Compartment model of particulate organic matter 
dynamics in the Little Tennessee River. GPP = gross primary 
production, RA = autotropl-ic respiration, CBOM = coarse 
benthic organic matter, FBOM = fine benthic organic matter. 



attached algae have suggested a somewhat lower 
value (Graham et al. 1985, Hill et al. 2001). 

Sloughing.-I estimated the sloughing rate of at- 
tached autotrophs at 1.3 X 1 r 2 / d  based on the value 
used by Newbold (19871, but I adjusted the rate to give 
a stable and reasonable autotroph standing stock. I did 
not include grazer consumption of algae directly in the 
model, but I included grazer egestion indirectly in 
sloughing. 
Litter input.-I derived litterfall as a function of river 

distance from the regression equation in Fig. 3A. I 
estimated lateral litter input (blow-in) at 55.8 g C m-' 
y-l to each side of the river, an average from Webster 
and Waide (19821, Webster et al. (19901, and Wallace et 
al. (1997). I applied this value throughout the length of 
the river because no measurements of blow-in have 
been made downstream. Given the changing vegeta- 
tion and bank characteristics along the river, blow-in 
probably varies greatly, but as the stream widens, this 
input becomes very small on an areal basis. 
CBOM breaknaon.-I used a breakdown rate of 

0.0098/d, which is an average of many measurements 
made at Coweeta (Webster et al. 1999). No measure- 
ments of leaf breakdown have been made in down- 
stream reaches of the LTR, and it is difficult to predict 
the applicability of this rate downstream. Higher 
nutrient concentrations, higher sediment transport, 
and lower abundance of shredders all probably affect 
downstream breakdown rates, but because of the low 
abundance of CBOM downstream, any downstream 
differences in leaf breakdown rate have little effect on 
the results of the modeling. I apportioned this 
breakdown into 50% macroinvertebrate egestion, 
which went directly to seston, and 50% maminverte- 
brate and microbial respiration. This apportionment is 
somewhat arbitrary, but we do know that macroinver- 
tebrates account for a large portion of leaf breakdown 
in Coweeta stream (Wallace et al. 1982a, Cuffney et al. 
1984). I included physical particle generation implicitly 
in macroinvertebrate egestion, but I did not include 
dissolved organic C (DOC) leaching. 

Seston and FBOM respiration.-I estimated the rate of 
microbial respiration of benthic and seston particles at 
0.0018/d, an average of rates reported by Schaeffer 
(19931, Peters et al. (19871, and Wojculewski (2006). 

Seston d 7 ' t i o n  and FBOM entrainment.-I based 
seston deposition on a deposition velocity of 1.7 m/d. 
FBOM entrainment rate (resuspension rate, Newbold 
et al. 2005) was 1.7 X W2/d.  I started with values 
from Newbold (1987) but adjusted them to give stable 
and reasonable values of seston concentration and 
FBOM standing stock. 

Groundwafer and tributary i n p u t . 4  modeled the 
increase in flow along the river as a continuous function 

using the regression equation from Fig. IB.'A~ Coweeta, 
-50% of flow entering the streams can be accounted for 
as tributaries and the rest comes from ground water 
(Webster 1983). Based on a groundwater particulate C 
concentration of 0 and a tributary concentration equal to 
the mainstream concentration at the point of entry, new 
water enters the stream with a seston concentration of 
50% of the mainstream concentration. 

Model Implementation 

I set up the model as a single partial d-tial 
equation for the downstream advection of seston and 
100 sets of 3 differential equations for benthic 
compartments, 1 set for each kilometer along the river. 
1 made the approximation that within each 1-km reach 
benthic compartments do not change with distance. 

Symbols used in these equations are given in Table 1. 
I solved these equations numerically using a 

Lagrangian approach with the Runge-Kutta technique 
to integrate the seston compartment over distance at 
lOOs intervals and the Euler method to integrate the 
benthic compartments over time at daily intervals. I 
programmed the model in C-kt and executed it using 
ABSOFT software (version 5.32, ABSOFT Editor; 
ABSOFT Corporation, Rochester Hills, Michigan) with 
a DISLIN user interface (version 7.6, DISLIN Scientific 
Plotting Software; Max Planck Institute for Solar 
System Research, Lindau, Germany). 

I ran the model for >600 d (simulation time) to 
ensure that all compartments were at steady state. I 
used these steady-state values as initial conditions for 
subsequent simulations. There is strong seasonal 
variation in this system, and Wallace et al. (1995) 
suggested that Coweeta streams undergo long-term 
cycles of litter accumulation and losses. However, for 
the purposes of this article, I have approximated the 
LTR as a steady-state system. 

I calculated linear and nonlinear regressions with. 
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TABLE 1. Terms and symbols used in the model. In the model, all units were converted to s (time), m (distance), and g (mass of C) 
but are given here in more conventional units for convenience. Terms with no value in the 3"' column are terms that were 
determined by model simulation. CBOM = coarse benthic organic matter, FBOM = fine benthic organic matter. 

Symbol Explanation Value Dimensions 

XI Seston concentration Mass C/volume 
Xz Autotroph standing stock Mass C/area 
x3 CPOM standing stock Mass C/area 
& FPOM standing stock Mass C/area 
x Distance from headwaters 0-100 km Distance 
t T i e  0-1 y Time 
u Velocity Calculated from discharge, Distance/ time 

width, and depth (Fig. 2) 
XL Lateral input concentration 0.5(X1) at that distance Mass C/volume 
A Cross-sedional area Width X depth Area 
Q D i a r g e  Fig. 1 Volume/time 
z Depth Rg. 2 Distance 
S Sloughing rate 1.3 X 10-'/d 1 /time 
F Egestion rate 0.0049/d I /time 
E Entrainment rate 1.7 X 1W2/d 1 /time 
D Deposition velodty 1.7 m/d Distance/time 
R1 Seston respiration 0.0018/d l/time 
LF Litterfall Fig. 3 Mass C area-' time-' 
LM Lateral litter input 55.8 g C m-' y-' Mass C length -' time-' 

(to each side of stream) 
w Stream width Fig. 2 Distance 
R3 CBOM respiration rate O.M)49/d I /time 
h FBOM respiration 0.0018/d I /time 

Sigmastat (version 3.1; SYSTAT Software, Richmond, 
California). Throughout the article, I converted values 
originally reported as ash-free dry mass (AFDM) to C 
on the basis of 0.5 g C/g AFDM. 

Results 

Compartment values 

Simulated standing stocks for all compartments 
illustrate various levels of agreement with measured 
values (Fig. 5A-C). These simulations are not valida- 
tions of the model because some model parameters for 
seston, FBOM, and autotrophs were adjusted to 
achieve reasonable fits of simulations to data. How- 
ever, CBOM parameters were determined independent 
of the standing-stock data. 

Simulated CBOM was generally lower than mea- 
sured values in the first kilometer and higher than 
measured values for the next 4 krn (Fig. 5A). Simulated 
FBOM also was lower than measured values in the 
first kilometer but then was very similar to measured 
values for the next 4 krn (Fig. 5B). Total BOM [CBOM + 
FBOM) was consistently higher than measured values 
beyond the first kilometer (Fig. 5C). The ratio of 
simulated CBOM to FBOM declined exponentially 
downstream (Fig. 6A). Near the headwaters, CBOM 
was nearly 2 X  FBOM, but FBOM began to exceed 
CBOM -15 km from the headwaters. This change was 

attributable to a decrease in CBOM inputs (litterfall) 
and an increase in FBOM, primarily from autotroph 
sloughing. This general trend is as predicted by 
Vannote et al. (1980), although the pattern differs from 
RCC predictions to some degree. 

Measurements of autotroph standing crop showed 
considerable variability along the LTR (Fig. 6B); 
however, the simulation generally reflected the pattern 
of low values through the first 20 krn and higher 
values downstream. The sigmoid pattern of the 
simulation was a direct result of the sigmoid curve 
used for GPP Fig. 38). 

Simulated seston concentration was lower than 
measured values (Fig. 6C). After trying many combi- 
nations of model parameters, I was unable to raise the 
seston concentration without changing parameters or 
benthic compartment simulations beyond reasonable 
values. 

Ecosystem variables 

Simulated ecosystem respiration (RIJ reflected in- 
puts of particulate organic matter (Fig. 7A). Near the 
headwaters, RE was primarily heterotrophic based on 
allochthonous materials. Downstream, RA became 
increasingly important. Using the model, I estimated 
the fractions of heterotrophic respiration (RtE) attrib- 
utable to allochthonous and autochthonous materiaL 
Near the headwaters, most RH was based on alloch- 
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Frc;. 5. Coarse benthic organic matter (CBOM) (A), fine 
benthic organic matter (FBOM) (B), and total benthic organic 
matter @?OM) (C) standing crops in the Little T a e s s e  
River. CBOM and FBOM are shown only for the fYst 5 km to 
illustrate the major changes occurring in the upper reaches of 
the river. Lies  axe results of model simulations. All data are 
annual averages as calculated by the authors. Data from 
Grubaugh et al. (1997) are based on BOM in depositional 
areas and % depositional area of the river. Data points are 
from Grubaugh et al. 1997 (squares), Huryn and Wallace 
1987 (triangles down), Golladay et al. 1989 (open circles), 
Wallace et al. 1997 (triangles up), and Benfield et al. 2000 
(solid axles). 

thonous material, but RH of autochthonous material 
became increasingly important downstream (Fig. 7'6). 

Model-generated estimates of RE were consistently 
lower than m e a d  values (Fig. 7C); this trend was 
especially true in the headwaters where predicted RE 
was, in some casss, an order of magnitude lower than 
measured values; The measured RE values, all of 
which were obtained by the open-channel O2 exchange 
method, also were much higher than measured total 
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FIG. 6. Coarse benthic organic matter (CBOM)/fine 
benthic organic matter (FBOM) ratio (A) and autotroph (B) 
and seston (C) standing crops in the Little Tennessee River. 
Lines are results of model simulations. Data from Grubaugh 
et al. 1997 (squares) and JRW, E. F. Benfield, Virginia 
Polytechnic Institute and State University, and J. L. Tank, 
University of Notre Dame, unpublished (circles) are annual 
averages calculated from seasonal samples. The data from 
JRW, H. M. Valett, V i  Polytechnic Institute and State 
University, and 8. R. Niederlehner, Vuginii Polytechnic 
Institute and State University, unpublished (open squares) 
are s in~le  measurements. Data from Grubaugh et al. (1997) 
am wgghted averages from the various sampled habitats. 
All seston data are annual averages as reported by the 
authors. Seston data are from Wallace et al. 1982b (cirdes); 
Webster and Gohday 1984 (squares); and Rosi-Marshall and 
Meyer 2004 (triangles). 

inputs (Fig. 3C). Based on the model, the river was 
heterotrophic, ie., RE > GPP, through -25 km and 
was autokoPhic from there downstream (Fig. 8A). The 
production (P)/respiration (R) graph (Fig. 80) showed 
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FIG. 7. A.-Simukted components of respiration in the 
Little Tennessee River are autotrophic respiration (RA), 
ecosystem respiration (Rb upper line), and heterotrophic 
respiration (& shaded m a ) .  RH is divided into respiration 
of allochthonous material and autochthonous material. B.- 
The U-shaped curve of &. C.-Simulated and measured 
values of RE. AU values are one-time measurements except 
fol. the annual values reported by McTammany et al. (2003). 
Measuremenb of ecosystem respiration are from Mulholland 
et al. (1997, triangle down); McTamrnany et al. (2003, 
triangIes up); Webster et al. (2003, solid square); H. M. 
Valett, V i a  Polytechnic Institute and State University, S. 
A. Thomas, University of Nebraska, and JRW, unpublished 
data (open circle); and JRW, H. M. Valett, and B. R. 
Niederlehner, Vhgmii Polytechnic Institute and State Uni- 
versity, unpublished data (open square). 

a slight decline after -75 krn, which resulted from RH 
d autwhthonously generated detritus. 

Emm the model, I estimated budgets for the LTR 
system (Fie;. 9). For the whole system, i-e., the whole 
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FIG. 8. A;--Simulated metabolism in the Little Tennessee 
River. The top solid line is total input and the lower solid lime 
is gross primary production (GPP). The shaded area between 
the solid lines is Ieaf input. The dashed line is ecosystem 
respiration (RE). B.-Production (P)/respiration (R) ratio 
corresponding to the simulated metabolism results. Dashed 
line shows P/R = 1 for reference. Where GPP > RE, net 
ecosystem production (NEP) > 0 and where GPP < RE, NEP 
< 0. 

Transport 1 . I1  (51 %) 
Aubchthonous 0.97 (45%) 

upstream of 
100 km 

Autochthonous 0.1 6 (7%) 

FIG. 9. Particulate organic matter budget for the Little 
Tennessee River network upstream of 100 km. Transport and 
heterotrophic respiration (Rd of fine benthic organic matter 
(FBOM) are separated based on the allochthonous or 
autochthonous source of the material. Percentages shown 
in parentheses are based on % of total inputs or outputs. Gg 
= lo9 g, CBOM = coarse benthic organic matter, RA = 
autotrophic respiration. 



Distance from headwaters (km) 

FK;. 10. Changes in the particulate organic matter budget 
along the Little Tennessee River. At each point along the 
length of the stream, the estimates of input (A) and output 
(8) are for the stream network upstream of that point. 
Respiration is divided into 3 components: autotrophic 
respiration (RA), heterotrophic respiration (F&) of coarse 
benthic organic matter (CBOM), and RH of fine benthic 
organic matter (FBOM). Transport and Rn of FBOM are also 
separated based on the ailochthonous or autochthonous 
source of the material. GPP = gross primary producthn. 

network of streams draining the watershed upstream 
of 100 km, allochthonous leaf inputs accounted for 
19% of the inputs, and the remainder was from 
autochkhonous GPP. Just >?4 (51%) of this input was 
exported, 28% was RA, and RH was split between 
respiration of CBOM and FBOM. Respiration of 
material in transport was very small. 

These budget numbers changed considerably de- 
pending on the extent of the network considered (Fig. 
10A, B). Near the headwaters, inputs were clearly 
dominated by allochthonous leaves. The switch to 
autochthonous dominance of the network did not 
occur until -50 krn downstream (Fig. 10A). Except for 
some initial changes in the headwaters, respiration 
accounted for 50 to 60% of particulate C loss 
throughout the system (Fig. 10B), with CBOM respi- 
ration being mphced by RA downstream. FBOM 
respiration was -10% all along the system, and, for 
any location in the network, 40 to 50% of all inputs 
were transported downstream. Near the headwaters, 
nearly all FBOM respiration and transport were from 
allochthonous sources, but autochthonous sources to 
these outputs increased downstream. 

I calculated ecosystem efficiency as RE divided by 
total inputs (Fisher and Likens 1973). This measure of 
efficiency depends on the stream length (Fisher 1977, 
Webster and Meyer 1997), but using the model, we can 
look for patterns in ecosystem efficiency downstream 
(Fig. 11A). RE as a % of outputs is also ecosystem 
efficiency because this model is a steady-state model 
with inputs equal to outputs. Ecosystem efficiency 
changes little along the 100-km length of the LTR. It 
changes from -40% at the headwaters to near 60% at 
-20 km and then declines to -50%. Relative to 
discharge (Fig. llB), ecosystem efficiency in the LTR 
is generally higher than that reported for other streams 
compiled by Webster and Meyer (19971, perhaps in 
part because the model does not include storm 
&ansport. For example, ecosystem efficiencies for the 
2 Coweeta headwater streams included in Fig. 11B 
(Satellite Branch and Hugh White Creek) are based on 
total annual export incl;ding stonns and are some- 
what lower than model estimates for the headwaters 
of the LTR. Also, the model does not include DOC. If I 
were to include DOC input and assume little direct 

LI 5 Distance from headwaters (km) 
- 100 1 

Discharge (m3/s) 

FIG. 11. A.-Ecosystem effiaency along the Little Ten- 
nessee River. B.--Comparison of model-estimated ecosystem 
efficiency (solid h e )  and stream efficiencies estimated by 
Webster and Meyer (1997; watershed budgets only, outliers 
identilied by Webster and Meyer 1997 are not included). 
Satellite Branch (SB) and Hugh White Cmk (HWC) are 
streams at Coweeta. 
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L 
Distance downstream (krn) 

" too0 .. Amazon 

0.01 1 100 loo00 

Discharge (m3/s) 

Frc. 12. A.-Turnover length .along the Little Tennessee 
River B.--Comparison of model-estimated turnover length 
(solid line) and turnover lengths estimated by Webster and 
Meyer (19971, Richey et al. (1990; Amazon River), and 
Howarth et al. (1996; Hudson River). 

respiration of DOC, ecosystem efficiency would be 
reduced to values more similar to measured values 
that included DOC. 

Turnover length is the average distance a particle of 
C travels between entering the stream (either alloch- 
thonously or by instream photosynthesis) and being 
respired to C02 (Newbold et al. 1982); it is calculated 
as the downstream flux of particulate C divided by 
respiration. Turnover length increased with distance 
downstream until -70 km (Fig. 12A), although it was 
fairly long, even in the headwaters. Turnover length 
began to decrease after 70 km as respiration of 
autochthonously generated particulates became in- 
creasingly important. Relative to discharge, turnover 
length in the LTR was generally shorter than values 
reported for other streams (Webster and Meyer 19971, 
and again this difference is probably a result of not 
including DOC and storm transport (Fig. 12B). 

Discussion 

Modeling is not the final step of research, but rather 
it is part of the normal cycle of research known as the 
hypothetico-deductive approach (e.g., Fretwell 1972). 
A model is an hypothesis, that is, an attempt to explain 
how the reid system works. From the model, we 

generate predictions that can be tested by field and 
laboratory research. Models are not correct or incorrect 
but, rather, more or less useful. A major contribution of 
modeling comes in making the necessary simplifica- 
tions to construct the model and in identifying the 
limitations of existing knowledge. For example, in 
developing this model, I identified discrepancies 
between wholestream measurements of respiration 
and substrate-based measurements (Fig. 7B) and 
between whole-stream measured respiration and 
measured organic inputs (Figs 3C, 7B), although these 
discrepancies had been noted earlier (McTammany et 
al. 2003, Webster et al. 2003). A znd major contribution 
of this model type comes from predictions that are not 
supported by data rather than from predictions that 
are c o m t .  For example, a comparison of simulated 
seston concentration with data (Fig. 10B) suggests that 
there are significant, unidentified sources of particulate 
organic C. Another contribution of this model is that it 
is a bookkeeping device that enables us to make 
complex calculations of system properties, such as 
those illustrated in Figs 7 and 10. 

This model is based on observed data, but it 
portrays an idealized picture of the LTR system. The 
biological data are primarily from the small, forested 
streams at Coweeta and include only 1 study of 
Coweeta Creek downstream of Coweeta (Grubaugh et 
al. 1997) and 4 studies of the larger river (Grubaugh et 
al. 1997, McTammany et al. 2003, Neatrow et al. 2004, 
Rosi-Marshall and Meyer 2004). It does not account for 
higher primary production (e.g., McTammany 2004) 
and modified leaf litter breakdown (Hagen et al. 2006) 
in small streams draining agricultural land. 

This model also does not account for the known 
large effects of changing discharge on particle trans- 
port (e.g., Webster 1983). Inclusion of these processes 
would require considerably more information on the 
effects of discharge on particle entrainment and 
deposition than currently exists. Certainly any inclu- 
sion of storm effects would show higher transport, 
longer transport distances, and budgets influenced 
more strongly by transport and less strongly by 
respiration. 

Also, I have not included DOC in this model. DOC 
inputs from soils and leaf leaching represent a major C 
input, and the more labile forms probably are used 
rapidly by bacteria. However, most soil-derived DOC 
is fairly refractory (e.g., Battin et al. 2003, McDowell et 
al. 2006), and its respiration probably contributes little 
to stream C budgets. For example, Battin et al. (2003) 
estimated that DOC contributed only -16% of annual 
respiration to White Clay Creek. 



As a final caveat, I have not included seasonal to a stream resulted in decreased seston concentration. 
changes. Varying temperature, plant transpiration, day (Wallace et al. 1999). Wallace et al. (1999) estimated 
length, and leaf fall dramatically affect streams in that bank runoff contributed 22.8 g AFDM mPz y-' 
deciduous forests in regions with strong seasonal compared to a normal litter input (litterfall + lateral 
climates. However, this variability was not included movement) of >600 g AFDM m-2 y-l. However, after 
to enable the examination of more general patterns. 8 y of leaf exclusion and removal of all wood from the 

stream, annual seston export was reduced to only 48% 
Why are model-predicted seston concentrations lm? of vre-exclusion amounts relative to a control stream 

The model simulations indicated seston concentra- 
tions that were generally less than measured values 
(Fig. 6B). Therefore, I tried various ways to increase 
seston concentration. A 1-y simulation that increased 
shredder contribution to CBOM breakdown from 50% 
to 90% resulted in an increase of FBOM from an 
average of 47.4 g c /m2 over the length of the river to 
60.9 g c/m2, but seston concentration increased only 
from 0.54 mg C/L to 0.67 mg C/L. Doubling the 
CBOM breakdown rate had even less effect, increasing 
FBOM to 49.6 g C/mZ and seston to 0.57 mg C/L. I 
increased entrainment, and doing so initially increased 
seston, but eventually FBOM, followed by seston, 
decreased. I also tried decreasing deposition velocity, 
but this change depleted FBOM and seston decreased. 
It is clear that other sources of organic matter to the 
stream must be included in the model if predicted 
seston concentrations are to track measured values 
more closely. 

There are various additional sources of organic 
matter that have been identified for streams. DOC 
uptake and sloughing by biofilms or DOC ingestion 
and production of fecal or psuedofecal pellets by 
invertebrates Wotton 2006) may be important in some 
streams. If the metabolism of DOC is sigruficant, it also 
could account for high levels of measured ecosystem 
metabolism. I ran a simulation with a DOC input of 1 
mg C/L for all entering water (e.g., Brookshire et al. 
20051, immediate conversion of W of the DOC to seston, 
and subsequent deposition as FBOM. This change 
raised seston concentration to -0.6 mg C/L through 25 
km with an increase to 1.3 mg C/L at 100 km-still 
below most measured values. RH increased 25% at 
most, far less than needed to account for the very high 
rates of measured metabolism in the upstream reaches 
of the LTR. However, it is certainly true that some DOC 
is being metabolized directly and contributing some- 
what to total heterotrophic metabolism 

Another possible source that I have not amounted 
for in the model is erosion of soil organic C. Sollins et 
al. (1985) found that soil was a major source of FPOM 
to streams in Oregon, but at Coweeta, leaves appear to 
be the major source of particulate organic C. As noted 
previously, elimination of invertebrate shredders 
greatly reduced seston. Also, eliminating leaf input 

(J. B. Wallace, University of Georgia, S. Eggert, 
University of Georgia, J. L. Meyer, University of 
Georgia, and JRW, unpublished data). This finding 
suggests that wood removal may have accelerated 
erosion from the streambed and banks. 

Another potentially significant C source is entrain- 
ment from the floodplain. Neatrour et al. (2004) 
estimated that floodplain input to the main stem of 
the LTR was slightly CM of direct litterfall. The 
addition of floodplain inputs would have little effect 
on total inputs because direct litterfall is a relatively 
small input to this part of the river. Also, floodplain 
entrainment would add very little to upper reaches of 
the river where riparian vegetation extends over most 
or all of the stream. In the upper reaches, floodplain 
areas extend very little beyond bankfull width, the 
width I used to estimate litterfall inputs. Wallace et al. 
(1995) suggested that the riparian zone immediately 
adjacent to small streams may be more important in 
retaining leaves than as a source of leaves. 

Why are model-predicted respiration rates lower than 
measured values? 

Accurate measurement of respiration in small 
streams with high rates of reaeration is difficult. The 
rate of reaeration can be measured with tracer gases 
such as propane or SFb but application of this rate to 
calculate respiration is sensitive to absolute measure- 
ment of dissolved O2 concentration. When reaeration 
is very high, small errors in dissolved Oz concentration 
measurements can lead to large errors in estimated 
respiration (McCutchan et al. 1998). Also, respiration 
can be significantly overestimated in reaches with 
sigruficant inputs of ground water with low dissolved 
O2 unless proper measurements and corrections are 
made (McCutchan et al. 2002, Hall and Tank 2005). 
Both of these problems affect measurements of whole- 
stream respiration at Coweeta. The model-generated 
rates of RW which are based on measured rates of 
substrate respiration or breakdown, may be closer to 
actual values. Whole-stream measurements of respira- 
tion greatly exceed inputs, but the substrate-based 
rates are somewhat lower than inputs, allowing for 
reasonable estimates of downstream transport. 



TABLE 2. Various estimates of the location of the transition 
from heterotmphy to autotrophy in the Little Tennessee 
River. The first 4 estimates are based on data at a single 
location in the river, and the other 3 are based on data for the 
whole river network upstream of the location. P = 
production, R = -piration, GPP = gross primary produc- 
tion, NPP = net primary production, RH = heterotrophic 
respiration. 

Method of estimating transition 

River 
P/R = 1 (Fig. 8) 
GPP = allochthonous inputs (Fig. 3) 
NPP = allochthonous inputs 
RH from autochthony = RH from 

allochthony (Fig. 78) 

River network 
GPP = allochthonous inputs (Fig. 10A) 
N l T  = allochthonous inputs 
RH from autochthony = RH from 

allochthony (Fig. 108) 

Distance from 
headwaters (km) 

Where does the transition from heterotrophy to 
autotrophy occur? 

The U-shaped curve of energy inputs to streams 
occurs because of the upstream input of allochthonous 
material and the downstream increase in autochtho- 
nous production. Various indices have been used to 
quantify the transition from heterotrophy to autotro- 
phy that is a result of the U-shaped curve of inputs 
(Table 2). If I use the traditional P/R = 1 as the 
transition from heterotrophy to autotrophy, this 
transition occurs in the LTR -27 km downstream 
from the headwaters where the river is 5th order (Fig. 
8B). For ecosystems without transport and completely 
autochthonous, i.e., with no allochthonous inputs, 
heterotrophy (respiration) equals autotrophy @rimary 
production) at steady state. So a more useful point of 
transition occurs when a system goes from being 
dominated by allochthonous inputs to one dominated 
by autochthonous inputs. Ba,sed on where GPP 
exceeds allochthonous inputs, this point would be 
slightly upstream of the P/R = 1 transition, at -25 km 
(Fig. 3C). Alternatively, using the input to hetero- 
trophs, the point where net primary production (NPP 
= GPP - RA) exceeds allochthonous input is at 30 km. 
Rosenfeld and Mackay (1987) and Meyer (1989) 
suggested that a more appropriate point of division 
than those just described should be determined from 
the basis d secondary production, i.e., one should ask 
whether allochthonws or autochthonous C is s u p  
porting secondary production. I do not have second- 
ary production estimates, but the model does calculate 
the basis of RH. RH is the energy used by the whole 

assemblage of heterotrophs. From an ecosystem 
perspective, the basis of RH is a useful indicator of 
the importance of allochthonous and autochthonous 
inputs to the stream. Using RH, heterotrophic respira- 
tion becomes predominantly autochthonous-based 
-67 km from the headwaters in the 7*-order reach 
of the river (Fig. 7A). If I base the transition on the 
input of allochthonous vs autochthonous material to 
the entire stream network upstream of that point, the 
transition occurs at -50 km based on GPP (Fig. 10A) 
or at -62 km based on NPP. Last, using the basis of RH 
for the entire network, the transition would be beyond 
the 100-km limit of my simulations. At 100 km, 62% of 
heterotrophic respiration in the network was still 
based on allochthonous inputs. 

These different transition points illustrate spiraling. 
The U-shaped curve of energy inputs indicates a 
transition in the upper reaches of the river (Fig. 3 0 ,  
whereas the U-shaped curve of RH shows the 
transition much further downstream (Fig. 7B). As the 
fixed C inputs to the river are used and metabolized to 
COz, they also are subject to downstream transport. 
The distance between these points depends on the 
turnover length and the retentive characteristics of the 
river. Riparian forest cutting, river channehation, 
wood removal from river channels, and nearly total 
elimination of beavers undoubtedly have increased the 
distance between these transitions. On the other hand, 
damming and water removal have just the opposite 
effects-they increase retention and shorten the dis- 
tance between input and respiration. 

Final points 

CBOM is broken down close to where it enters 
streams (e.g., Webster et al. 19991, but the ultimate 
metabolism of much of the organic C to C02 might 
occur a considerable distance downstream because of 
the recalcitrance and transportability of the small 
particles produced by CBOM breakdown. Cole and 
Caraco (2001) and Mayorga et aL (2005) suggested that 
much of the respiration in large rivers is from C of 
terrestrial origin. Whether organic C enters streams 
allochthonously or autochthonously, much of it .prob- 
ably ends up in lakes, reservoirs, and near-shore 
marine systems (e.g., Biddanda and Cotner 2002). My 
model estimates of turnover length (Fig. 12) and the % 
of loss resulting from transport (Figs 9 and 10) are 
undoubtedly low because the data suggest the 
simulated seston concentrations are low and because 
storm transport and DOC are not included. However, 
despite the many approximations of the model and 
limited length of the LTR, my estimates of ecosystem 
efficiency (-50%; Fig. 11) are remarkably similar to 



/ 
/With transport 

Distance from headwaters (km) 

FIG. 13. A.-Simulated respiration inthe Little Tennessee 
River CTR) with no transport and no storage. Components 
of respiration are autotrophic respiration (RA), emsystem 
respiration &, upper line), and heterotrophic respiration 
(RH, shaded area). RH is divided into respiration of 
allochthonous material and autochthonous material. B.- 
Simulated metabolism in the LTR. The top solid line is total 
input, which is equal to RE in this simulation, and the lower 
solid line is gross primary production (GPP). The shaded 
area between the solid lines is leaf input. For comparison, the 
dashed line is ecosystem respiration (Re) in the n o d  
simulation with transport. C.--Comparison of production 
(P)/respiration 0 ratios with and without transport. 

that estimated by Cole and Caraco (2001) for 45 large 
rivers located throughout the world. They calculated 
that the loss of CQ2 from rivers is similar to the 
transport of organic C in rivers to the sea. 

A consequence of the downstream displacement of 
metabolism is that the nutrients bound in the organic 

particles also are mineralized downstream. If sestan 
has a concentration of 1 mg C/L and a C : N ratio (by 
mass) of 20 (Wojdewski 2006), the N concentration 
associated with particles would be 50 pg N/L, -'A or 
less of the dissolved inorganic N concentrations in the 
LTR URW, H. M. Valett, B. R. Niederlehner, unpub- 
lished data), but still represents a considerable 
downstream displacement of N. If storm transport is 
included, the downstream transport of particle-bound 
nutrients may be much greater because storms 
typically increase particle concentrations more than 
dissolved concentrations. 

Leaves are important to metabolism in the LTR. 
Based on inputs to the river at any point, leaves 
become less important than GPP at -25 km d m -  
stream (Table 2). However, based on their contribution 
to secondary metabolism, this transition is much 
further downstream (Table 2). For the whole river 
network, nearly 62% of RH was still based on the input 
of leaves. 

The downstream transport of particulate organic C 
is a strong linkage along the river continuum. What 
would happen without any transport? The river would 
act as a lake or wetland, and all particulate C 
eventually would be stored (i.e., buried in the 
sediments) or metabolized where it entered the river, 
resulting in much higher RE (Fig. 13A). Without 
transport or storage, RE would equal total inputs 
(Fig. 13B), and P/R would be <I throughout the 
length of the river (Fig. 13C). The river would be 
heterotrophic everywhere because of allochthonous 
inputs and no transport (Fig. 13C). The observation 
that rivers can, at some points, be autotrophic, i-e., 
GPP can exceed RE on an annual basis (e.g., Fig. 8A), 
occurs only as a result of downstream transport. 

~ i t h o u i  transport the river continuum would 
simply be a gradient, a series of changes that occnr 
primarily as a result of changes in stream size, such as 
the U-shaped curve of inputs. Organic C transport 
provides a linkage along the gradient that is funda- 
mental to the nature of river ecosystems. The spiraling 
approach to stream ecology enables us to conceptual- 
ize rivers as they are, systems continuously linked by 
the downstream transport of organic materials. 
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