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Abstract
We compared processing rates (kd) for leaves of the native willow (Salix exigua Nutt.) and cottonwood (Populus
fremontii Wats.) to those of the non-native salt cedar (Tumurix chinensis Lour.) in the regulated Colorado River,
U.S.A. Leaf packs of each species were incubated at Lees Ferry, approximately 26 km below Glen Canyon Dam,
Arizona. Leaf packs were processed at 2, 21, 46, 84 and 142-d intervals. Water temperatures remained relatively
constant (10 OC, SE k 1 OC) during the study. There were significant differences in processing rates between
species, with P. fremontii showing the fastest breakdown. After 142 d, only 20% of the P. fremontii leaf mass
remained, whereas 30% and 52% of leaf masses remained for T. chinensis and S. exigua, respectively. The kd value
for P.fremontii was 0.0062 compared to 0.0049 and 0.0038 for T. chinensis and S. exiguu, respectively. Invertebrate
colonization was not significantly different between native and non-native plant species with oligochaetes the most
abundant animal colonizing the leaf packs. Dual stable isotope analysis showed that leaf material was not the
primary food for invertebrates associated with leaf packs. Processing rates for all leaf types were slow in the
regulated Colorado River compared to rates reported in many other systems. This is likely due to the lack of
caddisfly and stonefly shredders and perhaps slow metabolic rates by microbes.

Introduction
There have been numerous studies on the decomposition rates of natural riparian vegetation in unregulated
streams (Boulton & Boon, 1991; Irons et al., 1994;
Cornelissen, 1996; Schade & Fisher, 1997; Robinson et al., 19981, but only a few investigations have
examined this process in regulated systems with nearconstant cold-water conditions (Short & Ward, 1980).
In addition, no studies have compared processing
rates of native riparian vegetation to that of salt cedar
[Tamurix chinensis (Lour.)], a plant species that has
invaded many regulated lotic systems in southwestern
U.S.A. Growth of native species under a salt cedar
canopy may be inhibited by hydrophobization of the
soil which is caused by the leaching of resins or sugars
from salt cedar leaves or by duff accumulation which
can be up to 150 cm deep (Stevens, 1989). Tamarix

also releases salt from its leaf glands, creating a harsh
local environment for native plants. Various species of
Tamurix have invaded nearly every creek, stream and
river in the American Southwest, including the Colorado River corridor through Grand Canyon National
Park (Stevens, 1989; Stein & Flack, 1996).
Terrestrial inputs (allochthonous carbon) are critical energy sources to lotic food webs (Boulton &
Boon, 1991; Gregory et al., 1991; Allan, 1996).
For example, Fisher & Likens (1973) reported that
nearly 99% of the energy in Bear Brook, New Hampshire, was derived from riparian vegetation. Although
considerably less allochthonous energy is supplied to
rivers in arid biomes (Minshall, 1978; Shannon et
al., 1996), riparian and upland vegetation may still be
important energy sources in the impounded Colorado
Rwer system, particularly during flood events (Blinn
et al., 1998, 1999). Therefore, it is important to under-

stand the impact that invasions by exotic vegetation
will have on lotic communities because any change in
the composition of riparian litter may alter processing
rates by resident stream microbes and invertebrates
(Petersen et al., 1989; Wallace et al., 1995; Allan,
1996; Angradi, 1996; Benfield, 1996).
Glen Canyon Dam (GCD) releases near-thermally
constant water (10 OC, SE & l OC) with high water
clarity and reduced upstream organic carbon from allochthonous sources (Blinn & Cole, 1991; Blinn et
al., 1998). Presently, autochthonous carbon is the main
energy source in the tailwaters of GCD, and the h e r tebrate community consists primarily of grazers and
detritivores including: chironomids, oligochaetes and
the amphipod, Gammarus lacustris (Sars) (Blinn &
Cole, 1991; Shannon et al., 1996; Stevens et al., 1997;
Sublette et al., 1998). Caddisfly and stonefly shredders are absent in the tailwaters of the Colorado River,
perhaps largely due to the low input of allochthonou~
carbon. Therefore, it is unclear whether the resident
invertebrate assemblage utilizes leaves that enter the
regulated Colorado River during flood events and if SO
at what rates do they process the material.
We compared the rate of leaf breakdown of the
non-native, T. chinensis with two native riparian speties, P O P Ufremontii
~ ~ ~ ( w a t ~ . ) and Sdix exigua
(Nutt.) in a leaf pack study in the tailwaters of the c01orad0 River below Glen canyon Dam7 Az. All three
plant species Occur in the riparian community along
the Colorado River between Lees Ferny and Lake
Mead. The composition of invertebrate communities and their co~onizationrates were also compared
among leaf species over a 1 4 2 4 period. Dual stable
isotope analysis (813c and 8 1 5 ~was
) used to determine if the leaf-pack invertebrate assemblage consumes
leaves or other leaf-pack associated organic matter.

Study site
This leaf pack decomposition experiment was conducted near Lees Ferry, Arizona, in the Colorado River
(36' 54' 03" N, 11l o 35' 40"). Lees Ferry is one
of only two vehicular access points on the Colorado
k v e r and is 26 km downstream of Glen Canyon Dam
(GCD). The other access point is Diamond Creek, 336
km further downstream.
The GCD tailwater benthic community is structured by the near-thermally constant (10 OC) clear
water releases and fluctuating discharges of this hydroelectric facility. During this experiment, discharge

ranged between 370 and 680 m3 S-' with daily
changes ranging between 70 and 227 m3 s-' (Webb
et a]., 1999). For more information concerning this
region of the Colorado River, see Blinn et al. (1998)
and Webb et al. (1999) for reviews.

During November of 1997, abscised leaves of cottonwood (Populus fremontii), sandbar willow (Sa1i.x
exigua) and salt cedar (Tamarix chinensis) were collected from ground litter at Lees Ferry, Arizona and
returned to Northern Arizona University to air dry.
Leaves were stored at ambient temperature until the
experiment was initiated in February 1998. The experiment was initiated during this period because much
ofthe riparian litter enters the river during early spring
floods.
Leaves (4 g) of each species were placed into separate bags (15 x 15 cm) constructed from plastic
window screen with 1 - 1.5 mm mesh openings. In order to reduce fragmentation due to handling, air-dried
leaves of each species were soaked in distilled water
for 5 min (Benfield, 1996). The screen for each pack
was cut 30 cm long and 15 cm wide, folded in half
and bound along two edges with packaging tape and
staples. Initial leaf pack ash-free dry mass (AFDM)
was estimated by oven-duing samples (n = 5 for each
plant species) for 96 h at 60 oc md weighing and
ashing at 500 ocfor 1 h according to Clesceri et al.
(1998). Preliminary trials have demonstrated that this
drying protocol removes all water due to the low humidity in the arid southwestern U.S.A. and all organic
matter for this size of sample.
Twenty-five leaf packs of each plant species were
placed into the Colorado River at Lees Ferry, AZ,approximately 26 km below Glen Canyon Dam, on February 16, 1998. Leaf packs were fastened to a chain,
weighted with concrete filled buckets, and lowered
into the river bed to a depth of 2-3 m in a current
velocity of 0.01-0.05 m s-l. This was a depositional
area that would collect riparian detritus such as leaves
in the river. Control leaf packs were established by
filling mesh bags with plastic cut to the approximate
area of the three leaf types to mimic leaf packs. Empty
leaf packs were also employed to test for invertebrate
colonization on the plastic screen. Three packs of each
of the two control types were placed into the river and
retrieved after 46 d.

Five replicate packs of each plant species were retrieved from the river at the following time intervals
starting on 18 February 1998: 2, 21,46, 84 and 142 d.
Invertebrates on the outer screen mesh were removed.
Each pack was placed into a separate plastic tupperware container with additional river water, packed on
ice and brought to the laboratory for processing. Invertebrates in each leaf pack were sorted within 24
h into broad taxonomic categories (generally family
level), enumerated, and dried in an oven for 96 h at
60-70 OC. Invertebrates from a given leaf pack were
combined and weighed to determine invertebrate dry
mass. The following linear regression equation was
used to calculate total invertebrate AFDM:
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0.344 18 (invertebrate dry mass) + 0.00009
R' = 98; p < 0.001; F = 2585
This equation was derived from 30 random samples of
benthic invertebrates from the river channel since the
composition of the assemblage on the leaf pack was
similar to the proportions of invertebrates in the channel (Shannon et al., 1998). Leaf material was placed
into a pre-weighed crucible and allowed to oven dry
for 96 h at 60 OC. Dry weight of the leaves was
calculated and AFDM was determined as described
above.
Once all invertebrates and leaf material were removed on day 142, the sorting water from each
sample was allowed to settle in separate beakers for
24 h. The remaining leaf-pack associated organic matter from each settled sample was filtered onto glass
fiber membranes (whatmans@ GFIC) and AFDM was
calculated for each sample as described above.
) used
Stable isotopic analysis (6I3c and 8 1 5 ~was
to determine if invertebrates were consuming leaf material. Dry S. exigua, P. fremontii and T. chinensis
leaves, which had not been exposed in the river, were
used for comparison to invertebrates that had colonized that leaf type after incubation in the river. This
procedure was used to avoid interference from associated biofilms and other leaf-pack organic matter associated with leaf packs. Invertebrates were removed
from the leaf packs on the final collection period (I42
d), dried and weighed. The dried unexposed leaves
and invertebrate material were ground to a powder
g ~ ~ , each leaf type and
using a w h i r - ~ - ~ u keeping
invertebrate assemblage separate. Samples were analyzed for 813c and 8 " ~on a Finnigan Delta C mass
spectrophotometer at the Stable IsotopelSoil Biology
Laboratory at the University of Georgia Institute of
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Figure 1. Average proportion of remaining leaf mass (*SE) as a
function of decomposition rates ( k c / )for three leaf types in the Col-

orado River below Glen Canyon Dam, Arizona. Superscript on kc/
values in legend indicates significantly different rates of breakdown.

Ecology. See Hershey & Peterson (1996) for the use
of stable isotopes in constructing stream food webs.
Water velocity was measured with a Marsh
McBirney flow meter, and specific conductance, dissolved oxygen, pH and water temperature were determined with a Hydro-Lab Scout I1 during each visit
to the study site (n = 6).
Multivariate analysis of variance (MANOVA) was
used to analyze patterns of response variables (invertebrate taxa densities) in regard to predictor variables
(leaf pack type and collection interval). Analysis of
variance was performed for examining differences in
macroinvertebrate mass between leaf pack type and
collection interval. All calculations were performed
with SYSTAT computer software (SYSTAT, 1992).
The calculations for kd values followed methods used
by Schade & Fisher (1997). The slope of the regression line represents the decay rate coefficient (kd) and
is the fractional loss rate per day. Differences in (kc!)
regression coefficients were examined by analysis of
co-variance.

Results
There were significant differences (p <0.05) in decomposition rates for the three leaf types over the
142-d incubation period in the Colorado River below
Glen Canyon Dam. Decomposition rates were fast-

Table 1. Multivariate analysis comparing invertebrate densities on
three leaf types during a 142-d leaf breakdown experiment in the
Colorado River below Glen Canyon Dam, Arizona. Biotic response variables were lumbriculids (I), Ga~nnzaruslucustris (g),
tubificids (t), simuliids (b), chironomids (c), snails (s), miscellaneous invertebrates (m). All significant response variables listed
are for probabilities <0.05. (n = 75)
Source

Wilks'

df

F-ratio

p

Populus fremonrii
Salix exigua
Tamarix chinensis

Significant

Response

Lambda

Variable
Collection
date

0.10

28196

6.25

<0.001

Leaf type

0.55

14 108

2.67

0.002

Collection date x
leaf type

0.32

56 296

1.23

0.142

l,g,t,b,c,s

s

lumbriculid

Gammarus iacuslr~s

Figure 3. Average density of invertebrates for each leaf pack type
( S E ) colonizing Pop~il~~s
fremontii (cottonwood), Scilix exiguci
(willow) and Tan~arixchinensis (salt cedar) in the regulated Colorado River below Glen Canyon Dam, Arizona.

E tubiiicid
simuliid
chironomid
gastropods

Figure 2. Average densities of invertebrates by taxonomic groups
for Populus fremontii (cottonwood), Salix exigua (willow) and Tunmix chinensis (salt cedar) leaf packs combined during incubation in
the Colorado River below Glen Canyon Dam, Arizona.

est for P. fremontii (kc/ = 0.0062, SE k0.0008) and
slowest for S. exiguu (kd = 0.0038, k0.0002) with
intermediate values for T. chinensis (kd = 0.0049,
i~0.0001;Figure 1). The greatest loss in mass occurred
after 2-d incubation for all taxa with P. fremontii losing 48%, T. chinensis 28% and S. exiguu 18% of their
respective initial masses (Figure 1). After 142 d, P.
fremontii lost nearly 80% of its initial mass compared
to 70% for T. chinensis and 48% for S. exigua.
Multivariate analysis showed that densities of all
invertebrate taxa were significantly (p <O.OOl) different between collection dates, but only snails were
significantly different (p = 0.002) between leaf types
(Table 1).Although there was no significant difference

in colonization between non-native and native species,
our study showed that gastropods colonized S. exiguu
over T. chinensis and P. frernontii by a factor of 2 1 .
Oligochaetes (tubificids) were the dominant invertebrates on all leaf packs throughout the study period
(Figure 2). After 2 d, leaf packs averaged only 1.0,
0.8 and 0.4 animals per leaf pack for P. frernontii,
T. chinensis and S. exiguu, respectively. Average invertebrate densities increased nearly 20-fold by day
21 and continued to increase, peaking at day 84. At
the last collection period (142 d), there was nearly a
six-fold decrease in average density (Figures 2 and 3).
Tuinurix chinensis showed overall slower colonization by invertebrates than the other two leaf types,
with little increase until day 84 (Figure 3). However,
after 84 d, T. chinensis slightly exceeded P. fremontii
in invertebrate density, while invertebrate density on
S. exiguu was nearly 1.4 times higher than for the
other two species (Figure 3). There were no significant differences in the colonization of invertebrates
on artificial plastic leaves and natural leaf packs (p =
0.27).
There was a significant @ <O.OOl) difference in
invertebrate ash-free dry mass (AFDM) between collection dates, but no significant difference occurred
between leaf species (Table 2). Overall invertebrate
biomass increased through time for each collection
interval (Figure 4). For the final collection (142 d), invertebrate AFDM continued to increase, although the
density decreased.

Table 2, Analysis of variance comparing invertebrate biomass
(AFJIM) estimates colonizing leaf packs during a 142-d leaf decomposition experiment in the Colorado River, below Glen Canyon
Dam, Arizona, (n = 75)
Source

Sum of squares

df

F-ratio

P

0. I5

4

11.73

<O.OOOl

0.01
0.01

2
8

1.49
0.23

0.232
0.983

Table 3. Dual stable isotope analysis (813C and 8 " ~ ) of cottonwood (Populus fremontii), willow (Salk exigua) and salt cedar
(Tamarix chinensis) leaves and their associated leaf-pack invertebrates (n = 3 per sample type). Invertebrates include midges,
Gammarus lacustris, gastropods and oligochaetes
Sample type

Collection
Date
Leaf type
Collection date x
Leaf type

JI

P. fremontii leaf
P. fremontii invertebrates

Mean 813c (sd) Mean 8 1 5 ~(sd)
-24.7
-29.5

(1.9)
(1.3)

5.9
10.1

(1.0)
(0.8)

-26.5

(0.1)

4.8

(0.1)

-29.1

(0.2)

9.8

(0.3)

S. exigua leaf
S. exigua invertebrates
T. chinensis leaf
T. chinensis invertebrates
Populus fremontii

Salix exigua

Tamarix chinensis

813c and 10.4 815N and -28.9 813c and 9.5 8 1 5 ~ ,
respectively.
Physico-chemical parameters remained relatively
consistent throughout the collection period; specific
conductance ranged from 0.59 to 0.72 mSIcm; dissolved oxygen ranged from 8.5 to 9.8 mg/l; pH ranged
from 7.7 to 7.9, and water temperature ranged from
8.6 to 10.1 OC.

Figure 4, Average ash-free dry mass (AFDM H E ) of invertehrate colonizers on leaves of Populus frernontii (cottonwood), Salix
exigua (willow) and Tamark chinensis (salt cedar) at each collection
interval in the Colorado River, Arizona.

At day 142, S. exigua had the lowest organic
matter mass (0.026 g per leaf pack AFDM,
0.01)
associated with leaf packs, T. chinensis had an intermediate AFDM (0.053, 4~0.006g), and P. fremontii
had the highest organic matter mass (0.400, k0.004 g)
associated with leaf packs.
Dual stable isotope analysis showed an average
difference of 3.5 6I3c between leaves and the associated invertebrates for all three leaf-pack species
(Table 3). Also, there was an average difference of 4.3
815Nin trophic position between leaves and associated
invertebrates. Tamarix chinensis had the highest percent nitrogen content at 1.7% compared to 1.6% and
1.1% for S. exigua and P. fremontii, respectively. The
813c and 6 1 5 values
~
for the various invertebrate taxa
associated with the leaf packs were similar. Values
for oligochaetes averaged -29.3 813c and 10.5 8 1 5 ~ ,
whereas G. lacustris and chironomids averaged -29.6

Discussion
Our study showed that leaves from both native and
non-native riparian vegetation have slow breakdown
rates in the near-thermally constant waters (10 O C ,
SE &l OC) of the regulated Colorado River. Some
unregulated rivers in the western U.S.A. have decomposition rates (kd) ?0.008 for certain riparian vegetation, while others exceed 0.02 (Sedell et al., 1975;
Webster & Meyer, 1997; Schade & Fisher, 1997). In
contrast, all three leaf taxa immersed in the Colorado
River below Glen Canyon Dam (GCD) had kd values 50.0062. Salix exigua had the lowest value (kd=
0.0038) with 52% of the leaf mass remaining after 142
d of immersion in the Colorado River.
The lack of caddisfly and stonefly insect shredders
may, in part, explain the slow processing rates of leaf
packs in the Colorado River below GCD (Blinn &
Cole, 1991; Shannon et al., 1996). Glen Canyon Dam
releases cold, hypolimnetic water from the upstream
Lake Powell reservoir and retains course particulate
organic matter normally processed by insect shredders (Stanford & Ward, 1991). Multiple stable isotope
studies have provided evidence that autochthonous

algal matter rather than allochthonous material from
riparian communities is the primary source of organic
carbon in the upper tailwaters of the post-dam river
(Angradi, 1994; Blinn et al., 1999; Shannon et al., IN
PRESS). Therefore, the invertebrate assemblage in the
upper tailwaters below GCD is composed primarily of
grazers and detritivores (Blinn & Cole, 1991; Blinn et
al., 1999).
Stable isotope analysis provided evidence that
leaves within the leaf packs were not the primary food
for invertebrates associated with the packs. The relatively large differences in 8^C (3.5) between the
various leaf-pack species and associated invertebrates
suggested that the carbon for these invertebrates was
from a source other than leaves (Hershey & Peterson,
1996). Furthermore, the enriched ~ S ^ Nfor invertebrates compared to that in leaves suggested an intermediary trophic level between the two. Typically,
trophic levels change approximately 2-3 %o in (S^N
per trophic level (Hershey & Peterson, 1996); values for our study averaged 4.3 %o with an average
difference of 5.0 %O for T. chinensis.
Invertebrate taxa showed little preference for any
of the three leaf species immersed in the Colorado
River, which suggested that leaf substrata were used
for structural habitat rather than food. The nonsignificant differences between leaf and control packs further
supported our hypothesis, with perhaps the leaf-pack
associated matter a food source.
The only preference for leaf type was by gastropods which colonized S. exigua to a greater degree
than either P. fremontii or T. chinensis. Salix exigua
leaf packs tended to support intermediate levels of
associated organic carbon (0.026 glleaf AFDM).
Robinson et al. (1998) reported that alder leaves
[Ainus viridis (Chix), Dc.] were processed rapidly (45
d, kd = 0.0303) in cold (x = 1.4 OC, SD 3~1.9)alpine
glacial streams of the Swiss Alps in the presence of
the shredding caddisfly, Acrophylax zerberus Brauer.
However, in cold water (x = 0.8 OC, SD k1.2) without
A. zerberus, breakdown rates ( k d = 0.0061) decreased
substantially over a 45-d period. Other studies have
also attributed fast breakdown rates to high shredder
densities (Cowan et al., 1983; Malmqvist & Oberle,
1995).
In contrast, Schade & Fisher (1997) reported relatively fast decomposition rates for cottonwood [P.
fremontii (kd = 0.0176) and willow [S. goodingii (kd
= 0.0071 in Sycamore Creek, AZ over a 40-d period
at temperatures of only 10-15 OC, even in the absence
of insect shredders. Like the Colorado River, annual

litter input in Sycamore Creek is low and the dorninant invertebrate assemblage is composed primarily of
oligochaetes and chironomid larvae. However, decomposition rates for leaf litter in Sycamore Creek were
considerably higher, particularly for P. fremontii, than
in the regulated Colorado River, which may suggest
that the slightly higher temperatures (up to 5 OC) in
Sycamore Creek are enough to enhance respiration
and microbial processing. Irons et al. (1994) suggested the relative importance between invertebrate and
microbial processing changes on a latitudinal gradient, with invertebrates more important at high latitudes
with colder temperatures.
The slow colonization onto T. chinensis by invertebrates during the first 84 d of immersion compared to the two other leaf taxa suggested that leaves
from salt cedar have antagonistic tannins andlor phenolics. Several studies have shown that members of
the Tamaricadeae have a variety of tannins at high
concentrations (Yoshida et al., 1993; Ahmed et al.,
1994).
In summary, we showed that decomposition rates
of leaves in the regulated Colorado River are relatively slow. These decomposition rates were likely
determined by the lack of caddisfly and stonefly insect shredders and perhaps the slow metabolic rates
by microbes. Invertebrate assemblages showed little
preference for leaf taxa including the non-native T.
chinensis; leaf packs appeared to function more as
structural habitat rather than food. Stable isotope analysis suggested that leaves were not the primary food
source in the Colorado River.
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