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FOOD WEB IMPLICATIONS OF 613C AND 
615N VARIABILITY OVER 370KM OF THE 

REGULATED COLORADO RIVER USA 

J. P. SHANNON*, D. W. BLINN, G. A. HADEN, E. P. BENENATI 
and K. P. WILSON 

Northern Arizona University, Department of Biological Sciences, Flagstafl 
Ari:oncl, USA 

(Received 14 Jlrne 2000; hi jiiiul foriii 10 February 2001) 

Dual stable isotope analysis in the regulated Colorado River through Grand Canyon National 
Park, USA, revealed a food web that varied spatially through this and biome. Down-river 
enrichment of 6 ' k  data was detected across three trophic levels resulting in shifted food 
webs. Humpack chub 6I3C and 6"N values from muscle plugs and fin clips did not differ 
significantly. Humpback chub and rainbow trout trophic position is positively correlated 
with standard length indicating an increase in piscivory by larger fishes. Recovery of the 
aquatic community from impoundment by Glen Canyon Dam and collecting refinements for 
stable isotope analysis within large rivers are discussed. 

Keywords: Ckuilophora; Drift; Glen Canyon Dam; Macroinvertebrates; Native fish; Arid- 
biome river; Stable isotopes 

INTRODUCTION 

Defining aquatic food webs using stable isotopes is becoming more routine 
as technology in mass spectrometry is further refined and more economic- 
ally feasible. Typically, organic sources of an aquatic food web are esti- 
mated through determining the ratio between "C and I3C (dk3C) while 
trophic position is assigned with an estimate of the ratio between I4N 
and "N (S15N) [l]. Studies have only recently examined the variability 
in 6I3C and 6"N values over an extended aquatic community [2, 31. In 

* Corresponding author: Northern Arizona University, Department of Biological Sciences, 
PO Box 5640, Flagstaff, Arizona, 8601 1, USA. 
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i 80 J. P. SHANNON e t a / .  

this study we investigated the variability in 613C and 6I5N data over a 
370km reach of the Colorado River drainage below Glen Canyon Dam 
(GCD) between 1997 and 1999. 

Accordingly, this study had two objectives: I )  determine if there were 
spatial patterns in bI3C and 6I5N measurements for algae, macroinverte- 
brates and fish in the aquatic community below GCD; 2) evaluate the rela- 
tionship between standard length and di5N measurements for a native and 
non-native fish. 

STUDY SITE 

The aquatic community of the Colorado River in Grand Canyon National 
Park is structured by consistently cool ( - 10 "C) and clear releases from 
GCD, while tributaries create seasonally turbid conditions (Fig. 1) 141. In- 
cluding chironomids, the macroinvertebrate assemblage is comprised of 
< 60 species for the entire study area. This is likely in response to the com- 

bination of cool stenothermic conditions removing thermal cues needed for 
aquatic insects to complete their life history, and turbid conditions (due to 
tributary spates) reducing light availability and scouring the phytobenthic 
community. Instability in flow from hydro-electric production also selects 
for algae and macroinvertebrates that can tolerate wide ranges of water ve- 
locity. Hydro-power is produced by GCD through fluctuating the discharge 
in response to electrical demand. Therefore, discharge varies on a seasonal, 
monthly, weekly, daily and hourly basis with a minimum flow of 142 tn3/s 
and maximum flow of 708 m3/s. Water quality parameters including dis- 
solved oxygen, pH and conductivity are usually consistent due to the hypo- 
limnetic releases from GCD [4]. 

Tributaries within the study area consist of two types: 1) those that ori- 
ginate within Grand Canyon from springs and 2) watershed tributaries that 
originate from outside of the National Park [ 5 ] .  Spring-source tributaries 
have higher biomass and richer benthic assemblages than the watershed tri- 
butaries. However, particulate organic drift at base flow is higher in wa- 
tershed side streams than those originating from springs due in part to 
larger drainage areas. 

Angradi [2] constructed a food web using 6I3C, 6I5N and 634S analysis 
in Glen Canyon, the tailwaters of GCD near Lees Ferry, and in selected tri- 
butaries downriver. Angradi [2] reported a food web dependent on Clado- 
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ISOTOPE VARIABILITY IN FOOD WEB 181 

FIGURE 1 Collection sites below Glen Canyon Dam in the Colorado River through Grand 
Canyon National Park, Arizona, USA. Lees Ferry is desginated as 0.0 River Kilometer (RKM). 

Trophic Level 

Site Nunre R K M  Algue Mucroirrverfebrotes Fish 

1 Glen Canyon Gauge - 23.2 18 6 54 
2 Lees Ferry Gauge 0.0 31 54 27 
3 2 Mile Walk 3.1 15 3 3 
4 60 Mile Wash 95.7 15 12 36 
5 Tanner Cobble 109.6 15 12 72 

7 205 Mile Rapid 328.8 21 39 24 
6 127 Mile Rapid 202.9 12 30 12 
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182 J. P. SHANNON e t a / .  

phora glomerata, a green filamentous alga, as the carbon source in Glen 
Canyon (the first 25 km below GCD) while fish near tributaries were depen- 
dent on carbon derived from that tributary. Cladophora is a common alga in 
many rivers and is a structural host for epiphytic diatoms that are grazed by 
macroinvertebrates in the Colorado River [&8]. Cladophora biomass is not 
consistent throughout the river corridor due to storm related tributary input 
of suspended sediments and the amount of GCD discharge fluctuation 

Eight native fish were present in Grand Canyon at the turn of the century, 
with five remaining today including the humpback chub (Gila cypha) [ 121. 
Introduction of some 20 alien fish species into this segment of the Colorado 
River began in the late 1800s with channel catfish (ZctuI1IrzI.~punctutus) and 
continues today with the annual release of thousands of rainbow trout (Sal- 
velinirs gairdneri) in the tailwaters of GCD by the Arizona Game and Fish 
Department [13, 141. 

[9-111. 

METHODS 

Benthic primary producer (n = 103) and macroinvertebrate samples 
(n = 156) were collected at seven locations below GCD in the spring, sum- 
mer and fall from July 1997 through March 1999 (Fig. 1). These sites were 
selected to bracket the two largest perennial tributaries, the Paria River at 
river kilometer (rkm 1.0) and the Little Colorado River (rkm 98.6). Near- 
shore drift samples (n = 24; 0-0.5 m deep) collections were taken in tripli- 
cate between 1O:OO h and 15:OO h with a circular tow net (48 cm diameter 
opening with 500pm mesh) held in place behind a moored pontoon raft 
or secured to the river bank in March 1999. Samples were processed live 
within 48 h and sorted into Cladophoru and detritus categories. Detritus 
was comprised primarily of allochthonous (tributary upland and riparian 
vegetation) flotsam. 

Samples from eight fish taxa (n = 228) were collected for 6I3C and 6I5N 
analyses fiom October 1997 through August 1998 at 17 sites from GCD to 
Diamond Creek (rkm 36 1.6; see Fig. 1 for site locations). These additional 
fish collection sites were grouped into the nearest benthic collection site. 
Samples from protected native fish, such as the humpback chub, were col- 
lected without harm using fin clips on small fish (< 100 mm) while both fin 
clips and muscle plugs (removed with biopsy needles) were taken on large 
fish (> 100 mm). Samples fiom alien fish also included muscle tissue and 
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ISOTOPE VARIABILITY IN FOOD WEB 183 

fins. Fish standard length was recorded at the time of collection and 
grouped into the following size categories: 50-99, 100-149, 150-250 
and >250mm. Fishes were collected, air-dried in the field and kept on 
ice until they were oven-dried in the laboratory at 60 "C. 

Water quality parameters were collected with a Hydro Lab Scout I1 ' at 
the time of benthic collections. These parameters included temperature 
("C), hydrogen-ion concentration (pH), specific conductance (mS/cm), dis- 
solved oxygen (mg/l), and percent saturation of dissolved oxygen. Turbid- 
ity was estimated with a Secchi disk to determine water transparency and 
with a VWR Turbidimeter 200 (NTU). 

Samples are ground to a fine powder with a Whir-L-Bug ' and weighed 
in tin capsules (8 x 5 m). Dual isotope data were measured with a Finni- 
gan Delta Plus XL' mass spectrometer configured for continuous flow 
analysis of samples after Dumas combustion for 6I3C and 615N detennina- 
tions. All data were reported in %O relative to Pee Dee Belemnite (PDB), the 
standard for 613C and air as a standard for 15N. 

Collections below GCD through Grand Canyon are logistically con- 
strained because of limited access. Collecting stations can only be accessed 
by white water rafting expeditions that take over 2 weeks to complete. There- 
fore, simultaneous collections of all sites over 370 km of difficult traveling 
is near impossible, so collection dates were combined into 35 day intervals 
with the month of the median date indicated as that sampling period. 

Data Analysis 

Multiple analysis of variance (MANOVA) was used to determine if spatial 
changes occurred in carbon source across trophic levels in the Colorado 
River below GCD. Response variables for each analysis were algae, macro- 
invertebrates and fish with collection site the predicator variable. 

Multiple regression analysis was used to determine the relationship be- 
tween Cladophora 6I3C and 615N for cobble and drift samples over dis- 
tance from GCD. Three independent and equal size ( n = 3 )  samples of 
Cladophora from both habitats at sites 1, 2, 5, 6 and 7 were collected in 
March 1999. 

Fin clip and muscle plug 6I3C and 6I5N data from humpback chubs were 
examined with Student t-test in order to determine if each sampling tech- 
nique was representative of the fishes isotopic composition. Fish size 
class 6I5N data were analyzed using analysis of variance (ANOVA) with 
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I84 J. P. SHANNON el al. 

Bonferroni adjustment for comparison of probabilities between size classes 
(n = 0.03). 

All analysis of variance tests were done with SYSTAT version 5.2 [lS] 
statistical software on 613C and 6I5N data without transformations. 

RESULTS 

Spatial Variability 

Cladophora (cobble habitat), macroinvertebrates, and fish were all signifi- 
cantly enriched in 613C with distance downriver for all collection dates 
(Wilks Lambda f = 12.1 ; df = 12; n = 702; P < 0.001; Fig. 2). These ana- 
lyses showed a 8I3C enrichment of 10% for algae, 7% for macroinverte- 
brates and 4OA for fish over the 350h study area. Standard deviations 
of the mean for each of the 6I3C measurements depicted both temporal 
and within a collection site variation (Fig. 2), but were less than the spatial 
enrichment totals for each trophic level over the entire study area. There- 
fore, on average, spatial variability was greater than temporal variability 
for 6I3C during the periods sampled. 

We detected a significant enrichment in values of Cludophora 6I3C with 
distance downriver from GCD within the same sampling period in March 
1999 (Fig. 3). This Cludophora 6I3C data illustrated that the multiple sam- 
pling data (Fig. 2) was not biased by temporal patterns. 

Cladophoru collected directly from cobbles and drifting Cladophoru I3C 
were both more enriched at downriver sites but each habitat had different 
rates of enrichment. Drifting Cladophoru was I3C enriched about 2.2%0 
over a 3 S O h  distance while Cladophora collected from cobbles was 
‘3C enriched about 7 .1%~ over the same distance. Cladophora showed no 
predictable relationship between collection sites and 8”N data for either 
drifting (P = 0.55) or cobble (P = 0.06) habitats. 

Humpback chub 6I3C and 6”N data from muscle plugs and fin clips did 
not differ significantly and were combined for analysis (n = 27; P = 0.4). 
McCarthy and Waldron [ 161 also reported that adipose fin and white muscle 
6I3C and 6”N measurements were statistically insignificant for the brown 
trout (Salmo trzrtta). 

Trophic position, as indicated by 6I5N data, was significantly (P < 0.01) 
and positively related to size class indicating a change in feeding behavior 
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FIGURE 2 Average Cludopltor-u gloineraru, macroinvertebrate and fish 6°C data ( in  %o, + s.d.) from the Colorado River below Glen Canyon Dam, AZ. Collections were from June 
1996 through March 1999. 
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186 1. P. SHANNON ef al. 
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FIGURE 3 Cladophom glnniemra dI3C data (in %) comparing cobble bar and drift habitats 
in the Colorado River below Glen Canyon Dam, AZ. Linear regression analysis indicated a 
significant dI3C enrichment for C. glontemra from cobbles ( P  = 0.001; 8 = 0.70; 1% = 24) and 
drift ( P  < 0.001; 8 = 0.82; 7i = 24) with distance from Glen Canyon Dam. 

between size classes for both humpback chub and rainbow trout (Fig. 4). 
Values for b"N suggested that smaller size classes fed on aquatic inacro- 
invertebrates while larger fish had a more vaned diet including fish as in- 
dicated by a 2%0 depletion across all four size classes. 

Water Quality 

The temperature of Colorado River during the study period ranged from 
8.6"C at Lees Ferry in March 1988 to 14.9"C at rkm 326 in June 1998. 
The average temperature was 10.5 "C ( f 1.4 s.d.) for all collection sites 
and dates. The pH of the Colorado River during the study period ranged 
from 7.7 at Lees Ferry in October 1997 to 8.3 at rkm 326 in October 
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FIGURE 4 Fish size class and average 6''N values ( in ?&, rt s.d.1 from humpback chub and 
rainbow trout collected from Colorado River below Glen Canyon Dam. Letters indicate 
significant differences between size classes ( P  < 0.03). 

1998. The average pH was 7.9 ( f 0.2 s.d.) for all collection sites and dates. 
Conductivity of the Colorado River during the study period ranged from 
0.63 mS/cm at Lees Ferry in October 1998 to 0.89 mS/cm at rkm 326 in 
June 1998. The average conductivity was 0.77 mS/cm ( f 0.07 s.d.) for 
all collection sites and dates. 

Dissolved oxygen concentrations (DO) of the Colorado River during the 
study period ranged fiom 8.6mg/l at Lees Ferry in March 1999 to 
14.0mg/I at rkm 326 in March 1999. The average DO concentration was 
12.3 mg/l ( f 4.8 s.d.) for all collection sites and dates. These data are 
typical for seasonal and site variability. Lake Powell in-flow, elevation, 
and resulting stratification account for the variability in DO near GCD 
while more than 165 rapids account for mechanical aeration of the river 
[6]. Percent DO saturation reflects this pattern with the water released 
from GCD at 70% saturation and increasing to 88% at Lees Ferry 25 kin 
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188 J. P. SHANNON e t a / .  

downriver. By 100 lun downriver water reached 100% saturation of DO and 
increased to I 18% at rkm 326. 

Turbidity varied both seasonally and between sites. The first 25 lun below 
GCD had consistently clear water with Secchi depths > 7 in and NTU va- 
lues always < 3. Below the first perennial tributary (Paria River, rkm 1 .O) 
Secchi depths did not exceed 2 m  and NTU values were always > 10. 

DISCUSSION 

Dual stable isotope analysis in the Colorado River through Grand Canyon 
revealed a food web that varied spatially through 370 km of this arid biome. 
Fish trophic position was positively correlated with standard length sug- 
gesting piscivory by larger fishes. 

Defining the carbon source, using 6I3C and 6I5N values in constructing 
an aquatic food web is essential and sometimes problematic. Variability is 
common in benthic ecology, so it is not surprising that variability in 6I3C 
research is found within coinplex benthic habitats. France [17] was critical 
of using stable isotope analysis in aquatic food webs because of the lack of 
consistency in algal 6°C values throughout the literature. Doucett [ 181 re- 
futed the claims of France by justifLing the variance as natural and novel to 
each stream under study. Finlay et al. [ 191 attributed some of this variation 
to water velocity altering the boundary layer around Cladophora filaments 
and changing the assimilation of dissolved organic carbon, which in turn 
would alter the 6I3C value [20]. Finlay et al. [19] reported that Cladophora 
6I3C in high velocity habitats averaged 5%0 greater enrichment compared to 
low velocity habitats in a comparison of six streams. 

Spatial variability in 6I3C data for all trophic levels are an indication of 
the lack of stability in the regulated Colorado River below GCD. The aqua- 
tic community in the Colorado River through Grand Canyon continually 
adjusts between the effects of impoundment (clear, cool and fluctuating dis- 
charges) and landscape influence via flash flooding side streams (turbid, se- 
diment and debris-rich discharges). Throughout the study site the trophic 
link between algae and fish is not linear as it passes through the macroin- 
vertebrates. It is possible that we have neglected to include a carbon source 
such as tributaries. Shannon et al. [21] reported that the tributaries at base- 
flow contribute < 1% of the particulate organic drift in the mainstem at 
mean discharge, however, organic inputs from spates has not been quanti- 
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ISOTOPE VARIABILITY IN FOOD WEB 189 

fied. On the other hand, fish do travel between tributaries. Two sonic tagged 
flannelmouth suckers were reported to have moved 98 km between the Paria 
and Little Colorado River in a 3-week period [22]. Watershed influence 
does not offset the impact of GCD on the structure of the Colorado 
River aquatic community after 37Okm based on stable isotope analyses. 
Angradi [2]  collected dissolved inorganic carbon (DIC) 613C data in the 
Paria River at base flow and adjacent mainstem sites and found the Paria 
to be - 2.9%0 and the adjacent mainstem to be - 7.0%0 ( & 0.1 s.d.1. This 
suggests that accumulating tributary input of DIC could be the source of 
downriver I3C enrichment across trophic levels (Fig. 2) .  Tributary input ap- 
pears to play an important role in this pattern with abrupt 13C enrichment at 
the two largest perennial tributaries (Paria River; rkm 1 .O and the Little Col- 
orado River; rkm 98.6; Fig. 3). Rosenfeld and Roff [23] reported between 
site variability for 6I3C algal samples from several southern Ontario 
streams and attributed these deviations to groundwater DIC sources. 

Traditional dual stable isotope analysis food web depiction, both average 
and variance box plots, is not possible for this entire study site because of 
the spatial variability. Therefore, inclusion or exclusion of sites for specific 
regions of the study area, such as the critical habitat reach for humpback 
chub near the Little Colorado River [ 141, need to be statistically evaluated 
before conclusions can be drawn about the food web of any region of inter- 
est within Grand Canyon. 

Depletion of 6I5N data with increasing fish size is possibly a result of 
fish predation. The food base with the study site is sparse in terms of bio- 
diversity, therefore, if all size classes of fishes were eating the same food 
source one would expect a similar 6I5N value. Speckled Dace (Rhinichthys 
osculus) do not grow longer than 100 mm and had an average 6I5N value of 
1 1.9%0 (n  = 18; f 0.23 s.e.), indicating their food source is aquatic macro- 
invertebrates that had an average 6I5N value of 9.9%0 (n = 81; f 0.18 s.e.). 
However, Brown trout (Sulnzo truttu) had an average 6I5N value of 15.9%0 
(n  = 12; f 0.13 s.e.) and were all >250 mm in standard length. Brown trout 
are well documented as strong ichthyo-predators [ 15, 161 and a 6%0 "N de- 
pletion over macroinvertebrates provides evidence of multiple trophic level 
increases. 

Future stable isotope research on medium to large rivers with study 
reaches encompassing several hundred kilometers should include the follow- 
ing protocol for complete food web construction: 1) seasonal collections of 
above, within, and below tributaries to define the seasonal role of tribu- 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
S
 
G
e
o
l
o
g
i
c
a
l
 
S
u
r
v
e
y
 
L
i
b
r
a
r
y
]
 
A
t
:
 
0
5
:
1
0
 
1
5
 
J
u
l
y
 
2
0
0
9



I90 J. P. SHANNON era/ .  

taries in the food web, 2) adequate replication ofcarbon sources to better define 
carbon and trophic position, 3) dissolved organic and inorganic 6I3C data 
from tributaries to define tributary influence to the mainstem, 4) collection 
of the same trophic levels, and taxa if possible, from various habitats such 
as pools, cobbles and drift (by size class) within a site, and, 5 )  collection of 
terrestrial components in the same sites as the aquatic samples so elevational 
differences can be defined in the terrestrial community. 
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