
Predicting the invasion success of an introduced
omnivore in a large, heterogeneous reservoir

Shane Vatland and Phaedra Budy

Abstract: We demonstrate that invasion success, through the introduction and establishment stages, can generally be
predicted based on biological characteristics of the organisms and physical aspects of the environment; however, pre-
dicting subsequent effects during integration is more challenging, especially for omnivorous fish species in large,
heterogeneous systems. When gizzard shad (Dorosoma cepedianum) were incidentally introduced into Lake Powell,
Utah–Arizona (2000), we predicted they would be successful invaders and would have food-web effects ranging from
neutral to negative. As predicted, gizzard shad successfully established and dispersed throughout this large reservoir
(300 km) within just 4 years, and their density was positively correlated with productivity. Also as predicted, gizzard
shad exhibited fast growth rates, and striped bass (Morone saxatilis) predators were thus gape-limited, obtaining little
gizzard shad forage. Contrary to our predictions, however, competition over zooplankton resources between gizzard
shad and both threadfin shad (Dorosoma petenense) and juvenile striped bass appeared limited because of spatial segre-
gation and diet preference. In sum, gizzard shad will continue to be successful invaders, but with limited effects on the
established predator–prey cycle.

Résumé : Nous démontrons que le succès d’une invasion, du moment de l’introduction à celui de l’établissement, peut
généralement être prédit d’après les caractéristiques biologiques des organismes et les caractéristiques physiques du
milieu; cependant, la prédiction des effets subséquents durant l’intégration est un défi plus important, particulièrement
chez les espèces de poissons omnivores, dans les grands systèmes hétérogènes. Lorsque des aloses à gésier (Dorosoma
cepedianum) ont été introduites fortuitement au lac Powell Utah–Arizona en 2000, nous avons prédit que l’invasion
serait réussie et que les effets sur le réseau alimentaire varieraient de neutres à négatifs. Comme prédit, les aloses à
gésier se sont établies avec succès et se sont dispersées dans l’ensemble de ce grand réservoir (300 km) en seulement
quatre années; leur densité était en corrélation positive avec la productivité. Aussi comme prévu, les aloses à gésier ont
connu des taux de croissance élevés, mais les bars rayés (Morone saxatilis), des prédateurs limités par l’ouverture de
leur bouche, ont peu utilisé les aloses à gésier comme poissons fourrage. Cependant, contrairement à nos prédictions,
la compétition pour les ressources du zooplancton entre les aloses à gésier et à la fois les aloses fils (Dorosoma pete-
nense) et les jeunes bars semble limitée à cause de la ségrégation spatiale et des préférences alimentaires. En somme,
les aloses à gésier continueront d’être de bons envahisseurs, mais avec des effets limités sur le cycle établi des préda-
teurs et des proies.

[Traduit par la Rédaction] Vatland and Budy 1345

Introduction

While most invasive species fail soon after introduction
(Williamson and Fitter 1996), successful invasions have sig-
nificant ecological and economical impacts at a global scale
(Vitousek et al. 1997; Mack et al. 2000; Pimentel et al.
2000). Further, the unplanned nature of most invasions often
results in the subsequent lack of quantitative data collected
at an appropriate spatial scale (e.g., Moyle and Light 1996a)
and presents challenges for predicting the ecological impact
of invasive species in the future (Ruiz and Carlton 2003).
The role of fish invaders in large, lentic systems can be espe-
cially challenging to unravel because of the inherent com-

plexities of multitrophic-level food webs (e.g., Vander
Zanden et al. 1999), common shifts in habitat use exhibited
by many fish species (e.g., Garvey et al. 1998), difficulties
in separating the relative roles of endogenous effects from
exogenous forces (e.g., Ives et al. 1999), and potentially
mismatched evolutionary histories (e.g., Gido et al. 2000);
these factors may act independently or in combination to ob-
scure the role of an invader within an aquatic food web.

Despite these challenges, there has been considerable
effort and progress toward describing the suite of character-
istics that determine the success and potential effects of
invasive fish species (Ruiz and Carlton 2003; Moyle and
Marchetti 2006). While there are several very general char-
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acteristics of successful fish invaders, including the ability
to reproduce rapidly (Lodge 1993), having a broad native
range (Ricciardi and Rasmussen 1998), and being a habitat
and (or) diet generalist or omnivore (Moyle and Light
1996a, 1996b), consideration of the influence of different
factors at specific stages of invasions has been revealing.
For example, Fuller (2003) suggested the establishment of
invasive fish is largely dependent on attributes of the intro-
duction pathway (e.g., number of fish introduced and fre-
quency of introduction); Marchetti et al. (2004a) considered
three stages (establishment, spread, integration) of the inva-
sion process and evaluated the relative importance of factors
including trophic status, size of native range, propagule
pressure, parental care, maximum adult size, physiological
tolerance, distance from nearest native source, and prior in-
vasion success. Even with these advances, however, there is
still a need to (i) better understand the relative influence and
consistency of these different factors across the stages of in-
vasion and (ii) gain a better understanding of the invasion
process in both natural systems and predominantly human-
altered waterways (Havel et al. 2005). This later includes the
importance of evaluating the role of established alien species
in determining the outcome of a new invasion (Moyle and
Marchetti 2006). Collectively, these studies provide a gen-
eral framework for assessing the potential effects of invasive
fish species across a broad range of both natural and highly
altered aquatic ecosystems (Kolar and Lodge 2001; Peterson
et al. 2004; Olden et al. 2006).

Gizzard shad (Dorosoma cepedianum), an opportunistic
omnivore, are frequently introduced (intentionally and un-
intentionally) as forage for piscivorous sport fish in fresh-
water lakes and reservoirs. These introductions have resulted
in highly variable, but sometimes predictable, effects on
aquatic ecosystems (Bremigan and Stein 2001; Vanni et al.
2005). Introduced gizzard shad are capable of dominating
food-web dynamics from an intermediate trophic position
(Stein et al. 1995); this dominance is attributed to a combi-
nation of gizzard shad life-history characteristics and posi-
tive feedback loops within the invaded food webs (DeVries
and Stein 1992; Michaletz 1998a; Schaus and Vanni 2000).
Conversely, introduced gizzard shad may be limited by win-
ter die-offs in north-temperate systems (Stein et al. 1995),
density-dependent growth and reproduction (Allen et al.
2000; Clayton and Maceina 2002), and, subsequently, pisci-
vore control (Vanni et al. 2005). However, the conditions un-
der which piscivores can control gizzard shad populations
are not implicitly understood (Dettmers et al. 1998; Irwin et
al. 2003).

In 2000, gizzard shad were discovered in Lake Powell, a
large, oligotrophic reservoir on the Utah–Arizona (USA) bor-
der, offering a unique opportunity to gain a better under-
standing of the potential effects of an invasive omnivore on a
large freshwater ecosystem. Although Lake Powell repre-
sents a highly altered artificial system with a species assem-
blage determined solely by both incidental and purposeful
introductions, we believe this opportunity presented a rare
opportunity to learn, as (i) we initiated our studies near the
point (time and space) of initial invasion and comprehen-
sively followed this invasion through all stages, and (ii) Lake
Powell’s dominant pelagic fish species, striped bass (Morone
saxatilis) and threadfin shad (Dorosoma petenense), have

been relatively well-studied and exhibit a strong 5- to 7-year
predator–prey cycle (Vatland 2006), offering an opportunity
to explore the effects of an invader on an established
predator–prey cycle. The potential effects of gizzard shad on
Lake Powell’s aquatic food web (Fig. 1) are a major con-
cern, as the reservoir supports an extremely popular inland
striped bass fishery, and the unique, endemic fishes of the
Colorado River remaining in sections above and below the
reservoir are already imperiled by a diverse assemblage of
other exotic fishes and nuisance species (Olden et al. 2006;
Stokstad 2007).

We used this unique opportunity in Lake Powell to de-
velop, and then test, a set of a priori hypotheses of invasion
success and food-web effects based on generalities available
in the literature, the physical environment, and our own eco-
logical understanding of the invaded ecosystem. Based on
general characteristics of gizzard shad, such as high fecun-
dity, omnivory, and prior invasion success, and tolerable
winter conditions, we predicted gizzard shad would be suc-
cessful invaders in Lake Powell (introduction stage). We fur-
ther hypothesized the following during the different stages
of invasion: (H1) the more productive inflow areas would
support the highest density of gizzard shad (establishment
stage); (H2) gizzard shad, especially age-0 fish, would com-
pete with threadfin shad and juvenile striped bass for zoo-
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Fig. 1. Simplified, conceptual diagram of the aquatic food web of
Lake Powell with established food-web interactions (solid lines)
and potential gizzard shad (Dorosoma cepedianum) interactions
(broken lines). Diagram is not drawn to scale. In 2003–2005, the
observed maximum size (measured in total length) of threadfin
shad (Dorosoma petenense), gizzard shad, and striped bass
(Morone saxatilis) was 187, 551, and 1162 mm, respectively.



plankton resources (integration stage); (H3) the gizzard shad
population would eventually be dominated by large, fast-
growing adults, as is typical of low to moderately productive
systems (integration stage); and (H4) as a result of H3, giz-
zard shad would provide limited forage for striped bass, and
striped bass would not be capable of controlling gizzard
shad through predation (integration stage). We monitored
the invading gizzard shad population from near its initial in-
troduction, through these three stages, to test our predictions
and investigate the effects of the invasion on an established
food web and predator–prey cycle. Our approach combined
field observations of fish demographic and population infor-
mation, laboratory analyses of biological factors at multiple
trophic levels, and bioenergetics-based modeling of pisci-
vore growth.

Materials and methods

Study site
Glen Canyon Dam impounds the Colorado River approxi-

mately 10 km south of the Utah–Arizona border and forms
Lake Powell, one of the largest reservoirs in the United
States (approximately 300 km in length, maximum depth of
178 m, and 32.1 km3 in volume at full pool). Lake Powell is
a warm, meromictic reservoir, and thermal stratification of
the mixolimnion generally begins in April and persists
through November. Average, daily surface water tempera-
tures range from 6.7 to 29.4 °C (Gustaveson 1999), and mid-
summer surface temperatures are typically around 25 °C
(Sollberger et al. 1989). Since the reservoir reached full pool
in 1980, surface elevation has fluctuated (1091–1123 m);
most of the shoreline is composed of steep sandstone cliffs
and talus slopes.

Lake Powell is an oligotrophic reservoir (Paulson and Baker
1983; Potter and Drake 1989) with relatively low nutrient lev-
els; main channel chlorophyll a concentrations are generally
less than 2 µg·L–1 during summer and autumn. Cladoceran zoo-
plankton (family Cladocera) generally dominate lake-wide zoo-
plankton biomass in the spring and summer, whereas copepod
zooplankton (order Copepoda) usually dominate biomass in the
autumn. Main channel macrozooplankton densities are gener-
ally fewer than 20 individuals·L–1 (Sollberger et al. 1989), and
the distribution of zooplankton is considered to be relatively
patchy (Mueller and Horn 1999). The pelagic fish community
of Lake Powell is dominated by threadfin shad and striped
bass. Other piscivorous fish species found in the reservoir in-
clude smallmouth bass (Micropterus dolomieu), largemouth
bass (Micropterus salmoides), walleye (Sander vitreus), chan-
nel catfish (Ictalurus punctatus), and yellow bullhead
(Ameiurus natalis); forage species, aside from threadfin shad
and gizzard shad, include bluegill (Lepomis macrochirus),
green sunfish (Lepomis cyanellus), black crappie (Pomoxis
nigromaculatus), white crappie (Pomoxis annularis), red shiner
(Cyprinella lutrensis), and common carp (Cyprinus carpio).

We collected field data in Lake Powell in the spring
(May–June), summer (July–August), and autumn (October–
November) of 2003, 2004, and 2005 at six index areas of the
reservoir (Wahweap Bay, Padre Bay (2003 only), San Juan
Arm, Bullfrog Bay, Good Hope Bay, and Trachyte Canyon;
Fig. 2). We chose these areas to capture the trophic gradient
of the reservoir (e.g., primary productivity decreases as

distance from an inflow increases) and match sites histori-
cally sampled by the Utah Division of Wildlife Resources.

Introduction and establishment stages
We used a combination of fish sampling and limnological

analyses to track the gizzard shad invasion through the intro-
duction and establishment stages and to provide data to test
our hypotheses.

Limnological analysis
To assess relationships between fish species and biota at

lower trophic levels (i.e., zooplankton and phytoplankton)
as well as to assess physical attributes of the reservoir (i.e.,
temperature and dissolved oxygen), we collected limno-
logical data at designated, open-water sites during sample
events. We collected zooplankton from depths of 8 m and
approximately 40 m with vertical tows of an 80 µm mesh
Wisconsin-style zooplankton net. In the laboratory, we enu-
merated zooplankton to genera for cladocerans and to order
for copepods and measured total length (nearest 0.01 mm,
from the top of the head to the base of the tail spine) on up
to 30 specimens per taxa per sample. Finally, we calculated
total zooplankton length distributions separately for each
tow depth and subsequently weighted the proportion of zoo-
plankton in each length class by tow depth to calculate a
reservoir-wide size distribution of zooplankton. We sampled
epilimnetic phytoplankton using an integrated tube sampler
to collect water from a depth of 8 m; we then used the
concentration of chlorophyll a (µg·L–1) as an index of phyto-
plankton biomass (Welschmeyer fluorometric method;
Welschmeyer 1994). We also measured vertical profiles of
temperature (°C) and dissolved oxygen (mg·L–1) to a depth
of approximately 40 m using a temperature – dissolved oxy-
gen meter.

Fish sampling
We used a combination of horizontal gillnetting and mid-

water trawling to evaluate the temporal and spatial distribu-
tion, relative abundance, and size structure (and other
demographic information) of target fish in the reservoir. To
sample the littoral zone and pelagic–littoral interface, we set
sinking, experimental gill nets (1.8 m deep × 30 m long, four
7.6 m panels of 19, 25, 38, 50 mm bar mesh) just offshore,
spanning 0–20 m depth, before dusk and pulled them at dawn,
spanning two crepuscular periods. We utilized gill net catch
per unit effort (CPUE) as an index of relative biomass (kilo-
grams per net per night) and an index of relative abundance
(number per net per night). To supplement gill net data and
sample the pelagic zone, we conducted epilimnetic (0–12 m),
midwater trawling (3 m wide × 7 m tall × 18 m long trawl
with stretch mesh ranging from 102 mm near the opening to
3 mm at the cod end) at night around new moon events
(Gustaveson et al. 1980; Rieman 1992). We also collected fish
information from annual electrofishing surveys (September),
gill net surveys (October–November), and midwater trawling
(July–August) performed by the Utah Division of Wildlife
Resources; multiple capture techniques minimized biases in
size selectivity (Boxrucker et al. 1995).

To further test H1, we then regressed the relative abun-
dance of gizzard shad (number per net night; independent
variable) against mean chlorophyll a for each site and for the
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pelagic and littoral zones independently; we evaluated
model fit and significance using R2 and P values (α = 0.05).

Integration stage

Zooplankton resource competition (H2)
We examined the potential for gizzard shad to compete

with other fish species, primarily threadfin shad and juvenile
striped bass, for food resources using quantitative diet evalu-
ation coupled with stable isotope analysis. We collected
stomachs from all gizzard shad, threadfin shad, and striped
bass caught in gill net sets and quantified the gut contents by
wet weight in the laboratory. When possible, prey items
were identified to species for fish prey and to genus for
zooplankton prey, and the length of all diet items (up to 30
individual zooplankton per stomach) was measured. If nec-
essary, vertebral or backbone length measurements of prey
fish were converted to total length using relationships devel-
oped by Raborn et al. (2002). We used this prey length in-
formation to compare the relationship among prey sizes

consumed, prey sizes available in the environment, and
predator gape limits.

To quantify interspecific diet overlap between both shad
species and juvenile striped bass, we calculated Schoener’s
index (Schoener 1970) and Horn’s index (Horn 1966). Indi-
ces of diet overlap are potentially biased (e.g., Smith and
Zaret 1982), but both indices provided similar patterns in
overlap in this study. Thus, hereafter, we present only the re-
sults of the Schoener’s index:

D p p i nx i y i
i

n

= − −








 =

=
∑100 1 0.5 1, 2,, , ...,

1

where n is the number of diet categories, px,i is the propor-
tion of diet category i consumed by predator x, and py,i is the
proportion of diet item i consumed by predator y. We con-
sidered D > 60 to express a significant overlap (Wallace
1981).
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Fig. 2. Site map indicating sample areas included in this study, major inflows, and the initial point of gizzard shad (Dorosoma
cepedianum) invasion in Lake Powell.



To further evaluate trophic position and diet overlap, we
used stable isotope properties. We collected muscle tissue
from above the rib cage on a subset (10 per species per area)
of gizzard shad, threadfin shad, and striped bass in autumn
2004 and analyzed samples representing the reservoir-wide,
observed size range of each species. We dried tissue for 24–
48 h at 60 °C, ground it to a powder, and shipped encapsu-
lated samples to the University of California–Davis Stable
Isotope Facility for a mass spectrometry determination of
isotopic signatures. Ratios were evaluated and expressed as
δ13C and δ15N, per mil (‰) values relative to the ratios of the
standards Pee Dee Belemnite and atmospheric nitrogen, re-
spectively (Peterson and Fry 1987). Differences in stable
isotope ratios between the species were tested using analysis
of variance (ANOVA, α = 0.05).

Shad size structure and predator gape limitation (H3, H4)
To test hypotheses H3 and H4, we used the fish sampling

data described above to evaluate the growth rates and size
structure of the gizzard shad population and assess the po-
tential for gizzard shad to provide forage to striped bass and
to be directly controlled by striped bass predation. We first
estimated the maximum size of gizzard shad that striped
bass were capable of consuming and then compared this
with the observed size distribution of gizzard shad to assess
gape limitation, defined here as the physical size restriction
of a predator swallowing a prey. We collected scales, re-
moved sagittal otoliths (from a subset representing the ob-
served size range of each species), and measured the length
and weight of all striped bass and gizzard shad caught in gill
net sets. We estimated an average size-at-age for each age
class of striped bass and gizzard shad in autumn of each year
using scale-ageing techniques for striped bass (Secor et al.
1995) and a combination of otolith-ageing (Clayton and
Maceina 1999) and analysis of length–frequency modes for
gizzard shad.

Next, using these size-at-age data, we estimated the gape
limitation of age-0 through age-6 striped bass on gizzard shad
using the following equation (Jenkins and Morais 1978):

y x xi i i= + +0.000 328 0.128 27.92

where x equals the average total length (mm) of a striped
bass of age i, and y equals the maximum total length (mm)
of prey fish that a striped bass of age i would be able to con-
sume. We then compared the estimated gape limit of striped
bass with the size and age structure of both captured gizzard
shad and threadfin shad to assess the potential for gizzard
shad to become striped bass prey and to compare this rela-
tionship with an established predator–prey relationship. We
also quantified an index of prey vulnerability (IOV) by
dividing the number of gizzard shad less than the maximum
prey size of each age class of striped bass by the total
number of gizzard shad captured in autumn gillnetting and
electrofishing, summarized as yearly averages.

Effects on the predator–prey cycle: bioenergetics modeling
Lastly, we used bioenergetics modeling to estimate poten-

tial changes in striped bass growth as a result of the recent
gizzard shad introduction. We collected diet, thermal history,
and growth data on striped bass and used that information to
estimate consumption of shad using a fish bioenergetics
model (Hanson et al. 1997). In this study, we used consump-
tion estimates from Vatland (2006), coupled with hypotheti-
cal scenarios of potential gizzard shad effects, to predict
potential growth responses in juvenile and adult striped bass
(100–500 and >500 mm total length, respectively).

Our scenarios reflected two broad hypotheses of gizzard
shad invasion and bracketed the range of possible outcomes:
(i) gizzard shad enhanced the growth of striped bass, and
(ii) gizzard shad were a detriment to striped bass growth
(Table 1). These simulated scenarios were then compared
with model outputs using parameters estimated for striped
bass in Lake Powell from May to November 2004. Accord-
ingly, we varied levels of the proportion of shad (Dorosoma
spp.) in striped bass diets by season (spring, summer, au-
tumn) as well as total consumption. The magnitude of these
proportional changes was based on average annual differ-
ences in the proportion of shad in diets and total consump-
tion estimates from 1985 to 2003 for juvenile and adult
striped bass (Vatland 2006). In all three enhancement scenar-
ios (E1–E3), we presumed that striped bass were able to
consume most gizzard shad, assuming that striped bass were
neither gape-limited nor spatially segregated from gizzard
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% of shad in striped bass diets

Scenario Spring Summer Autumn
Total consumption
by striped bass

2004 NA NA NA NA
E1 � 25%–50% NA NA NA
E2 � 25%–50% � 25%–50% � 25%–50% NA
E3 � 25%–50% � 25%–50% � 25%–50% � 10%–20%
D1 � 25%–50% NA NA � 10%–20%
D2 � 25%–50% � 25%–50% � 25%–50% NA
D3 NA � 25%–50% � 25%–50% NA
D4 NA � 25%–50% � 25%–50% � 10%–20%

Note: First and second values, separated by a dash, represent changes to juvenile and adult parame-
ters, respectively. Scenarios starting in E and D signify “enhancement” and “detriment” scenarios, re-
spectively; NA denotes parameters that were not adjusted from the 2004 model. Symbols represent the
direction of proportional change.

Table 1. Percentage and direction of change to input parameters used in bioenergetics-
based modeling of striped bass (Morone saxatilis) growth.



shad. In all of the detriment scenarios (D1–D4), we pre-
sumed that gizzard shad were not providing additional for-
age to striped bass in the summer and (or) autumn, and in
some cases, gizzard shad were also presumed to negatively
affect the availability of other prey, such as threadfin shad
and zooplankton. To reflect the fact that gizzard shad often
spawn earlier in the year than threadfin shad (Shelton et al.
1982) and may provide increased forage, we also simulated
gizzard shad providing additional spring forage to striped
bass in all the enhancement scenarios and in two detriment
scenarios (E1–E3, D1–D2).

Results

Introduction and establishment stages

Gizzard shad distribution, biomass, and abundance (H1)
The distribution, biomass, and abundance of gizzard shad

increased rapidly in Lake Powell from 2002 to 2005 (Fig. 3).
In the autumn of 2002, 2 years after initial detection, gizzard
shad distribution was limited to the upper sections of the San
Juan Arm of Lake Powell (see Fig. 2), but by July 2003 their
distribution extended to the mouth of the San Juan Arm.
Gizzard shad were present throughout most of the reservoir
by November 2003, and in 2004 and 2005, gizzard shad
were captured during gill net surveys at all sample areas.
This dispersal was unidirectional from the inflow of the San
Juan Arm to its confluence with the historic Colorado River

channel and then spread either up or down the reservoir,
suggesting an isolated introduction location. In the San Juan
Arm, CPUE (kilograms per net per night) of gizzard shad in
autumn gill nets increased from 0.99 in 2002 to 4.4 in 2003
and decreased slightly to 4.1 in 2004 and 3.5 in 2005. Giz-
zard shad CPUE increased markedly in uplake sites after es-
tablishment throughout the reservoir in 2004 and widespread
integration in 2005; the average gizzard shad CPUE for the
Rincon, Bullfrog Bay, Good Hope Bay, and Trachyte Can-
yon areas (uplake sites) increased from 0.12 to 1.42 and 4.63
between autumn 2003, 2004, and 2005, respectively. Giz-
zard shad CPUE near the outflow area (Wahweap Bay) re-
mained below 0.05 in 2003 and 2004 and below 0.25 in
2005. Within each sample area, relative abundance of giz-
zard shad caught in 2005 autumn gill nets was positively re-
lated to mean chlorophyll a values (spring, summer, and
autumn) for littoral sites (y = –2.11 + 2.06x; P = 0.037, ad-
justed R2 = 0.74) but not for pelagic sites (P = 0.17). Trends
in the mean chlorophyll a values of both pelagic and littoral
sites demonstrated a trophic gradient between riverine and
lacustrine areas of the reservoir, with greater productivity in
riverine areas.

Gizzard shad biomass relative to other fish species
The proportion of gizzard shad biomass, relative to other

fish species caught in autumn gill nets, increased from 0.06
to 0.15 and 0.32, in 2002, 2003, and 2004, respectively, and
leveled off at 0.31 in 2005 (Fig. 3). The proportional catch
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Fig. 3. (a) Biomass (kg) of gizzard shad (Dorosoma cepedianum) captured per standard gill net per night at six index sites and (b) pro-
portion of gill net catch by taxanomic grouping from 2002–2005 autumn gill net surveys. Other fish include predominantly walleye
(Sander vitreus), smallmouth bass (Morone dolomieu), channel catfish (Ictalurus punctatus), and common carp (Cyprinus carpio).



of striped bass was similar in 2002 and 2003 at 0.52 and
0.57, respectively, but decreased to 0.41 and 0.36 in 2004
and 2005, respectively. The proportion of other fish species,
predominantly walleye, smallmouth bass, channel catfish,
and common carp, caught in autumn gill nets decreased
from 0.41 to 0.28 in 2002 and 2003, respectively, and re-
mained stable in 2004 at 0.27 but increased to 0.33 in 2005.
The proportion of threadfin shad remained below 0.003 in
each year. Biomass of catch (kg) for the four taxonomic
groups (striped bass, gizzard shad, threadfin shad, and other
fishes) was significantly different between years (χ 2 = 153,
df = 9, P < 0.01).

Integration stage

Zooplankton resource competition (H2)
The diet composition of gizzard shad, threadfin shad, and

striped bass differed considerably in 2004 (Fig. 4). Gizzard
shad consumed predominantly miscellaneous matter (algae,
organic sediment, and inorganic sediment) and a small
percentage of zooplankton (cladocerans, copepods, and un-
identified zooplankton), whereas threadfin shad diets were
composed of approximately half miscellaneous matter, half
zooplankton (mostly cladocerans), and a small proportion of
other invertebrates (mostly chironomids). Juvenile and adult
striped bass diets were quite similar; both diets were com-
posed mostly of shad (≥70%, primarily threadfin shad), fol-
lowed by smaller proportions of other fish, other
invertebrates, and zooplankton. Schoener’s index of dietary
overlap between gizzard shad and juvenile striped bass,
threadfin shad and juvenile striped bass, and gizzard shad
and threadfin shad were 3, 15, and 54, respectively, demon-
strating no significant overlap in diets (Wallace 1981). Sta-
ble isotope ratios of 15N were the highest in striped bass
(164–569 mm total length) muscle tissue, indicating con-
sumption at a higher trophic level, as compared with the two

shad species (Fig. 5). Similarly, ratios of 15N in threadfin
shad (66–107 mm total length) muscle tissue were greater
than that of gizzard shad (94–454 mm total length), indicat-
ing consumption at an intermediate trophic level for
threadfin shad and consumption at a lower trophic level for
gizzard shad (Fig. 5). Stable isotope ratios of 13C were simi-
lar for striped bass and threadfin shad, with slightly higher
ratios in gizzard shad muscle tissue, suggesting a possible
difference in the 13C enrichment of respective prey (Fig. 5).
Differences in the ratio of 15N between species were signifi-
cantly different (P < 0.001), whereas the ratio of 13C was not
significantly different across fish species (P = 0.29).

Total zooplankton densities (including nauplii and rotifers,
number·L–1) in Lake Powell averaged 29 (3.8 standard error
(SE)), 30 (5.6), and 50 (17) in the spring, summer, and au-
tumn of 2004, respectively. The size distribution of zoo-
plankton found in gizzard shad diets was generally
composed of larger individuals than found in the environ-
ment, while the size of zooplankton found in threadfin shad
diets more closely resembled the size distribution of the en-
vironment (Fig. 6). In 2004, the lengths of zooplankton
found in gizzard shad diets, threadfin shad diets, and the en-
vironment averaged 1.1 (0.18–2.9, range), 0.76 (0.18–1.9),
and 0.63 (0.12–7.8) mm, respectively, and differed signifi-
cantly in pair-wise goodness-of-fit tests (P < 0.01).

Shad size structure (H3)
The overall size distribution of threadfin shad and gizzard

shad differed greatly between species and gear type through-
out this study (Table 2; Figs. 7 and 8). In particular, gizzard
shad captured in gill nets were much larger than threadfin
shad and attained sizes up to 496 mm in total length. The
size distribution of fish captured by electrofishing was simi-
lar for both shad species, with gizzard shad being slightly
larger but less abundant than threadfin shad. Finally, only
threadfin shad (predominantly age-0) and no gizzard shad
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Fig. 4. Diet composition of fish stomachs collected in 2004, all sites and seasons combined. “Unid zoop” represents unidentified zoo-
plankton; “Other invert” represents non-zooplankton invertebrates, such as chironomids, terrestrial insects, and crayfish; “Misc matter”
includes phytoplankton, inorganic sediment, and organic sediment; “Shad” includes both gizzard shad (Dorosoma cepedianum) and
threadfin shad (Dorosoma petenense).



were captured in midwater trawling throughout 2002–2004.
In 2005, a few gizzard shad were captured in midwater
trawls, but the trawl catch was still predominantly composed
of threadfin shad (96.6% by number by species).

The size distribution of threadfin shad varied little over
the course of this study, whereas the size distribution of giz-
zard shad changed considerably as this invasion transitioned
through the introduction, establishment, and integration
stages (Fig. 7). Gizzard shad captured during the establish-
ment stage in 2002 were relatively large adults, but this size
range expanded in 2003 (in conjunction with an extensive
dispersal) to include both larger and smaller fish. In 2004
and 2005, as gizzard shad completely dispersed and began
integrating into the entire system, their overall size range
remained relatively consistent. However, the proportion of
smaller and younger gizzard shad increased markedly in
2004, and a cohort of gizzard shad around 350 mm in total
length dominated the gill net catch in 2005. Age-0 gizzard
shad were captured both by electrofishing in September and
by gillnetting in October–November, and otolith-ageing indi-
cated age-0 gizzard shad may obtain sizes as large as 191 mm
in total length by November. Otolith-aged gizzard shad from
2003 and 2004 included five year classes (Table 3), but dis-
tinguishing year classes using length–frequency modes was
ambiguous. Nonetheless, gizzard shad of all age classes ex-
hibited relatively fast growth rates and a large maximum size
in Lake Powell over the course of this study.

Predator gape limitations (H4)
Overall, striped bass predation on gizzard shad appeared

to be gape-limited, especially for age-0 striped bass, whereas
predation on threadfin shad was not gape-limited (Figs. 7
and 8). Based on estimated gape limits, age-1 and age-2
striped bass in 2003, 2004, and 2005 were capable of con-
suming age-0 gizzard shad, and age-3 and older striped bass

were morphologically able to prey upon gizzard shad up to
approximately 200 mm in total length. In contrast, most
threadfin shad were within the gape limits of striped bass
age-1 and older in all years of this study, and all ages of
striped bass were physically capable of consuming threadfin
shad captured in trawls. IOV estimates for gizzard shad as
striped bass prey in the autumn of 2002, 2003, 2004, and
2005 were 0%, 17%, 46%, and 23%, respectively. The in-
crease in IOV from 2002 to 2004 corresponded to the shift
in gizzard shad population size structure to include a higher
proportion of relatively small shad, whereas the decrease in
IOV in 2005 corresponded to an increase in the proportion
of larger gizzard shad, notably a strong cohort of shad ap-
proximately 350 mm in total length.

During the integration stage of this invasion (2004 and
2005), striped bass stomachs contained gizzard shad, thread-
fin shad, and unidentifiable shad with mean total lengths
(mm) of 102 (63–178, range), 51 (35–92), and 55 (10–129),
respectively (Fig. 9). The total length of these shad prey av-
eraged 14% (5% standard deviation (SD)) of the total length
of their striped bass predators. For striped bass greater than
approximately 250 mm in total length, all shad prey re-
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Fig. 5. Stable isotope ratios (15N and 13C, mean ± standard error
(SE)) of gizzard shad (Dorosoma cepedianum; solid circle; n =
12), threadfin shad (Dorosoma petenense; open circle; n = 9), ju-
venile striped bass (Morone saxatilis; solid triangle; n = 5), and
adult striped bass (open triangle; n = 6) collected in 2004 au-
tumn gill nets. Juvenile striped bass were defined as being
<500 mm in total length, with adult striped bass being ≥500 mm
in total length.

Fig. 6. Proportional length frequency of zooplankton found in
(a) gizzard shad (Dorosoma cepedianum) and (b) threadfin shad
(Dorosoma petenense) stomachs as compared with (c) zooplank-
ton sampled from the reservoir in 2004; all sites and seasons
combined.



mained within the estimated gape limit, but for striped bass
less than approximately 250 mm in total length, a few un-
identified shad prey were larger than the estimated gape
limit.

Effects on the predator–prey cycle: bioenergetics modeling
We estimated a wide range of juvenile and adult striped

bass growth rates across our bioenergetics scenarios
(Fig. 10). The largest increases in striped bass seasonal
growth, as compared with the 2004 baseline simulation,
were observed in scenario E3 (increased striped bass forage
in all seasons and increased total consumption), where juve-
nile and adult striped bass growth increased 75% and 314%,
respectively. The largest decreases in estimated seasonal
growth occurred under scenario D4 (decreased striped bass
forage in the spring and autumn and decreased total con-
sumption), where juvenile and adult growth decreased by
129% and 345%, respectively. Differences in the estimated
growth of adults appeared to be closely and positively re-
lated to changes in total consumption. Juveniles responded
to adjustments in total consumption as well, but were also
noticeably affected by decreases in the proportion of shad in
their summer and autumn diets. Neither adult nor juvenile
simulations showed a strong growth response to the propor-
tion of shad in their spring diets.

Discussion

Gizzard shad were first discovered in Lake Powell in 2000
near the inflow of the San Juan River, and by 2004 these fish
had dispersed throughout the entire reservoir and were inte-
grating into the aquatic food web. This rapid invasion pro-
vided a unique opportunity to track an introduced fish
species through the introduction, establishment, and integra-
tion stages. By simultaneously examining aspects of the giz-
zard shad population, the other primary fish populations of
Lake Powell, and the planktonic community, we were able
to effectively integrate our present data with both long-term
data on established fish populations in Lake Powell and an
extensive body of literature on the ecology of gizzard shad.
We used this integrated approach to evaluate the effects of
gizzard shad on the aquatic food web and to assess generali-
ties in the literature regarding the characteristics of success-

ful and failed invasive fish species. We were also able to
examine species-specific traits and assess their potential for
predicting the effects of invasive fish species at different
stages of the invasion process.

Gizzard shad introduction and establishment

The role of life-history characteristics
Gizzard shad became successfully established in Lake

Powell and dispersed through the reservoir in just 4 years,
demonstrating rapid dispersal, high growth rates, and large
adult body size, all common characteristics of successful in-
vaders (Moyle and Marchetti 2006). Propagule pressure
(number of organisms introduced and number of introduc-
tions) or dose response is also considered critical to the suc-
cessful introduction and establishment of deliberately and
(or) incidentally introduced species (Ruiz and Carlton 2003;
Marchetti et al. 2004a; Colautti et al. 2006). However, the
first gizzard shad discovered in Lake Powell (2000) were
presumably a small number of adults that migrated down the
San Juan River to the reservoir following periodic flushes of
the power plant at Morgan Lake, New Mexico (Mueller and
Brooks 2004). Thus, based solely on propagule pressure, the
establishment of gizzard shad in Lake Powell was unlikely;
nonetheless, small numbers of adult gizzard shad, especially
those of large body size, are capable of quickly establishing
reproducing populations (Michaletz 1998b). As such, the
successful establishment of gizzard shad in Lake Powell was
likely influenced more so by their large body size and ability
to reproduce rapidly than by the propagule pressure of their
introduction. Our findings emphasize the important role life-
history characteristics can play in the establishment of intro-
duced fish species (e.g., Olden et al. 2006); here, large body
size and high fecundity substituted for high propagule pres-
sure (or dose; Ruiz and Carlton 2003) and resulted in a suc-
cessful invasion of gizzard shad to the establishment stage.

The role of abiotic factors
Although the influence of abiotic factors is thought to be

frequently underestimated in invasion ecology, as compared
with biotic factors (Moyle and Light 1996a, 1996b), these
physical characteristics can also affect the success of an in-
vasive fish during the establishment stage (Marchetti et al.
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Mean CPUE (SE)* Mean total length (SE)

Species Year TR EL GN TR EL GN

Threadfin shad 2002 16 (6) 44.6 (31.5) 0.10 (0.05) 44 (2.8) 111 (1.7) 145 (10.0)
2003 1970 (587) 28.8 (8.7) 0.38 (0.23) 37 (2.4) 93 (2.5) 146 (1.8)
2004 1721 (452) 72.2 (29.0) 0.93 (0.82) 35 (2.4) 104 (1.1) 103 (1.7)
2005 2497 (1076) 6.5 (4.7) 0.62 (0.24) 34 (2.1) 74 (2.9) 140 (25.2)

Gizzard shad 2002 0 (—) 0 (—) 0.98 (0.98) — — 287 (2.0)
2003 0 (—) 4.8 (4.8) 1.34 (1.02) — 110 (2.6) 363 (7.4)
2004 0 (—) 38.2 (29.4) 7.95 (2.87) — 112 (3.9) 246 (5.7)
2005 78 (40) 48.5 (26.6) 11.54 (1.12) 48 (5.7) 120 (3.6) 338 (6.9)

Note: Dashes (—) represent those values not available and (or) applicable.
*CPUE for trawling, electrofishing, and gillnetting was expressed as number of fish captured per trawl tow, electrofishing hour,

and gill net night, respectively. SE, standard error.

Table 2. Mean catch per unit effort (CPUE, kilograms per net per night) and total length (mm) of shad
(Dorosoma spp.) captured in July–August midwater trawls (TR), September electrofishing (EL), and October–
November gillnetting (GN) in Lake Powell in 2002–2005.



2004a). Moyle and Light (1996a, 1996b) suggested the
establishment of invasive salmonids in California was influ-
enced by the ability of these fish to adapt to the local hydro-
logic regime. Similarly, Dorosoma spp. are sensitive to the
thermal regime of their environment, and this vulnerability
to cold water temperatures commonly causes winter kills in
the northern range of both gizzard shad and threadfin shad
(Griffith 1978). Stein et al. (1995) further suggested that
winter mortality of established gizzard shad populations lim-
its their dominance in some north-temperate lakes and reser-
voirs. Winter kills of gizzard shad in Lake Powell are highly
unlikely, given the depth (>30 m); relatively warm, winter
water temperatures of this southwestern United States reser-
voir (9.0 °C average annual minimum surface temperature);

and the generally suitable dissolved oxygen concentrations.
Further, a high level of human disturbance, such as occurs in
Lake Powell, provides a physical environment in which in-
vasive species are frequently successful (Hobbs 1989; Havel
et al. 2005; Olden et al. 2006). The types of physical factors
found in Lake Powell (e.g., warm climate, high human im-
pact) are common to other large regional areas that have
experienced a large number of successful fish invasions, in-
cluding, for example, the states of California and Florida
(Fuller 2003; Marchetti et al. 2004b). As demonstrated here,
consideration of physical aspects of the receiving system
provide reasonably accurate predictions of invasion success
(Fuller 2003; Ruiz and Carlton 2003), especially when these
abiotic factors are considered in combination with life-
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Fig. 7. Proportional length–frequency histograms of gizzard shad (Dorosoma cepedianum; 2002–2005, panels a–d, respectively) cap-
tured by trawling (hatched), electrofishing (open), and gillnetting (solid) in autumn fieldwork. Potential prey size range for striped bass
(Morone saxatilis) is expressed by horizontal bars and based on year-specific mean size-at-age of autumn gill-net-captured striped bass
and the gape calculations of Jenkins and Morais (1978).



history traits. After introduction, this combination of both
life-history traits, such as high fecundity and large body
size, and a lack of physical environmental constraints within
the reservoir further contributed to the rapid dispersal and
establishment of gizzard shad in Lake Powell.

The role of predatory control
Following introduction and establishment in the San Juan

Arm, gizzard shad spread swiftly through the reservoir and
increased their relative abundance and biomass considerably
over only 4 years. While life-history traits and physiological
tolerance undoubtedly control the establishment of invasive
fish species (Marchetti et al. 2004a), additional factors

clearly influenced the widespread establishment of gizzard
shad in Lake Powell. Most importantly, the initial popula-
tion established in the San Juan Arm of the reservoir was
composed of mostly large adults >200 mm in total length,
much larger than the gape limitation of most striped bass
predators in the reservoir. Thus, the dispersal of adult giz-
zard shad within Lake Powell was not initially limited by
predation (i.e., enemy release hypothesis; but see Colautti et
al. 2004), a factor that can pose a critical constraint to intro-
duced fish species, especially in systems with dominant
piscivores or smaller, more vulnerable prey (e.g., Szendrey
and Wahl 1996). Accordingly, the rapid dispersal of gizzard
shad in Lake Powell would likely have been slowed if the
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Fig. 8. Proportional length–frequency histograms of threadfin shad (Dorosoma petenense; 2002–2005, panels a–d, respectively) cap-
tured by trawling (hatched), electrofishing (open), and gillnetting (solid) in autumn fieldwork. Potential prey size range for striped bass
(Morone saxatilis) is expressed by horizontal bars and based on year-specific mean size-at-age of autumn gill-net-captured striped bass
and the gape calculations of Jenkins and Morais (1978).



initial population of gizzard shad had been composed of
smaller individuals and (or) individuals that grew more
slowly (i.e., smaller individuals that would have been more
susceptible to predatory control). These results point to the
importance of species interactions (i.e., with enemies;
Colautti et al. 2004), especially predatory control, in deter-
mining the success of an invader at the establishment stage
(Moyle and Light 1996a, 1996b).

The role of primary productivity (H1)
As this invasion transitioned through the establishment

stage, our ability to predict both the success and effects of
invasion became more challenging; however, exploration of
potential mechanisms operating at different trophic levels

did enhance our understanding of the process. In accordance
with our initial predictions, the greatest increases in relative
abundance and biomass of gizzard shad were observed in the
most productive areas of the reservoir, even though some of
those productive areas were substantial distances (over 160
river km) from the initial point of invasion. This pattern was
consistent with previous research, as a positive relationship
between gizzard shad density (or biomass) and primary
productivity has been observed in a variety of freshwater
systems in the USA, including natural lakes (Allen et al.
2000) and reservoirs (Bayne et al. 1994; Michaletz 1998a;
Bremigan and Stein 1999). Buynak et al. (2001) also ob-
served this trend during artificial fertilization experiments in
a large warm-water reservoir. We suspect this strong rela-
tionship results because gizzard shad are primarily consum-
ing algal matter or derivatives thereof, and we would not
expect to see such a tight relationship for a fish species that
feeds at a higher trophic level (Carpenter and Kitchell 1993).
We suggest that careful attention be paid to the trophic gra-
dient found in several reservoirs, as this gradient can greatly
influence the distribution of food resources for invasive
fishes and thus their pattern of establishment and integration
(Hall and Van Den Avyle 1986; Michaletz and Gale 1999;
Okada et al. 2005). Thus, an index of primary productivity
(chlorophyll a), which is both simple to collect and analyze
and closely tracks the trophic gradient of a reservoir, pro-
vided a useful and predictive tool in assessing the invasion
extent and distribution of this invasive and omnivorous fish
species.

Gizzard shad integration

Zooplankton resource competition (H2)
As gizzard shad continued to integrate into the Lake

Powell food web, we also considered the potential for com-
petition among gizzard shad, threadfin shad, and juvenile
striped bass over zooplankton resources. Overall, average
zooplankton densities in Lake Powell are low relative to
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Gizzard shad total length (mm)

Age Mean SE n

0 171 6.9 5
1 246 11.5 7
2 386 18.7 3
3 411 6.0 11
4 446 18.3 4

Note: Age was determined by otolith ageing; n equals the
number of shad that were aged. SE, standard error.

Table 3. Mean length-at-age of gizzard shad
(Dorosoma cepedianum) from 2003 and 2004
autumn gillnetting.

Fig. 9. Striped bass (Morone saxatilis) total length (mm) vs. to-
tal length of shad (Dorosoma spp.) prey found in the stomachs
of striped bass captured during gill net surveys in 2004 and 2005
(all seasons combined). Shad prey are identified as (a) threadfin
(D. petenense; open triangle), gizzard (D. cepedianum; solid
square), or (b) unidentified shad (open circle). The lines repre-
sent the estimated gape limitation of striped bass based on
Jenkins and Morais (1978).

Fig. 10. Bioenergetics-based estimates of adult (solid bars) and
juvenile (open bars) striped bass (Morone saxatilis) seasonal
growth (May–November) in 2004 and under various enhance-
ment (E) and detriment (D) scenarios. Scenarios were based on
potential effects of gizzard shad (Dorosoma cepedianum) intro-
duction in Lake Powell.



other more productive systems (i.e., zooplankton density in-
creases with productivity; Bays and Crisman 1983; Pinto-
Coelho et al. 2005), such that zooplanktivores in Lake
Powell may be food-limited (e.g., Michaletz 1999). How-
ever, as discussed above, Lake Powell is an extremely heter-
ogeneous (and large) system with varying levels of
productivity, and the overall zooplankton densities reported
here may underestimate true food availability for
zooplanktivores, especially in littoral areas. In addition, rela-
tive to other systems (Carlander 1969, 1977; Linam and
Kleinsasser 1987), threadfin shad demonstrated high mea-
sures of condition in Lake Powell during the course of this
study (Budy et al. 2005), despite relatively high densities.
While these observations would suggest that zooplankton
were not limiting for threadfin shad, if gizzard shad and (or)
striped bass were predominantly zooplanktivorous, all three
fish species could be competing for food during some life
stages, and the increased forage on secondary production
could limit the availability of zooplankton as prey.

Contrary to our original predictions, however, based on
diet data; the size distribution of consumed zooplankton; and
isotopic properties for gizzard shad, threadfin shad, and ju-
venile striped bass, the potential for competition over zoo-
plankton resources appears minimal. Gizzard shad are
capable of diminishing zooplankton resources and then suc-
cessfully switching to alternative algal and detrital food
sources (DeVries and Stein 1992); intense feeding on zoo-
plankton is most likely to occur with age-0 gizzard shad 30–
60 mm in total length (Yako et al. 1996; Dettmers et al.
1998). In 2004, the size distribution of zooplankton con-
sumed by gizzard shad in Lake Powell was composed of
larger individuals than those sampled from the environment
and those consumed by its cogener, threadfin shad; as larger
zooplankton consumed by gizzard shad are energetically
richer than the smaller zooplankton consumed by threadfin
shad (Snow 1972), gizzard shad could have a competitive
edge over threadfin shad. However, these gizzard shad,
mostly large adults, were primarily consuming algal and de-
trital matter (zooplankton make up only a small portion of
their diet), and consequently, their overall impact on the zoo-
plankton population is limited. Similarly, both adult and ju-
venile striped bass rarely consumed zooplankton, although
we note this trend could change in years with limited shad
forage (i.e., striped bass may switch from piscivory to
invertivory; Gustaveson 1999; Nelson et al. 2003).

Our conclusion that competition among these three spe-
cies will be limited through the integration stage is sup-
ported not only by our diet evaluation, but also by the clear
difference in stable isotope ratios of 15N. These data demon-
strate that gizzard shad feed opportunistically at lower
trophic levels; the omnivorous nature of gizzard shad is a bi-
ological characteristic shared by many successful invaders
(e.g., common carp; Moyle and Marchetti 2006). It is very
important to note, however, that our data are not conducive
to evaluating the potential for competition at larval or juve-
nile life stages of both shad species, such that it remains
possible that competition could be occurring at these early
life stages (e.g., Bremigan and Stein 2001). Nonetheless, our
observations of minimal potential for competition parallel
the observations of Davis (2003), who suggested that inter-
trophic interactions that result from invasions (e.g., preda-

tion) pose a much greater threat to resident species than
intratrophic interactions, such as competition.

In addition to differences in feeding preference and thus
trophic position, it appeared that gizzard shad and threadfin
shad were also spatially segregated during the course of this
study. Age-0 threadfin shad were abundant in 2003, 2004,
and 2005 summer trawls, but no gizzard shad were captured
in these pelagic samples in 2003 and 2004 and only a lim-
ited number in 2005. Gizzard shad were abundant in the
more littoral gill net catches, and there was a slightly greater
abundance of gizzard shad than threadfin shad caught in
nearshore electrofishing samples. Stable isotope ratios of 13C
also suggested a difference in prey sources for the two shad
species, with higher ratios of 13C in gizzard shad muscle tis-
sue than in threadfin shad and striped bass tissue, a dissimi-
larity that could be attributed to differences in littoral versus
pelagic prey (e.g., France 1995). Accordingly, Baker and
Schmitz (1971) suggested threadfin shad are more limnetic
than gizzard shad when feeding. The combination of these
factors strongly suggests spatial segregation occurs between
gizzard shad and threadfin shad populations in Lake Powell,
with gizzard shad tending toward littoral habitat and thread-
fin shad toward pelagic habitat. Although, spatial segrega-
tion among striped bass and both shad was not explicitly
considered in this part of the study (striped bass were only
targeted using gill nets), competition over zooplankton re-
sources appeared to be limited as a result of spatial segrega-
tion and (or) diet preferences. Thus, the combination of the
ability to feed opportunistically (e.g., omnivory) and the
large size and heterogeneous nature of this ecosystem (e.g.,
spatial segregation) made our predictions of invasion effects
during the integration stage more tenuous.

Shad size structure (H3)
In contrast with the predictable and consistent relationship

between primary productivity and gizzard shad density and
biomass in Lake Powell, the relationship between primary
productivity and gizzard shad growth was more complex.
Generally, age-0 gizzard shad growth increases with primary
productivity, a positive relationship attributed to increased
food availability (Michaletz 1999; Bremigan and Stein 2001).
However, age-1 and older gizzard shad often demonstrate the
opposite pattern, where growth decreases with increasing pri-
mary productivity, a pattern attributed to density-dependent
mechanisms such as resource competition (DiCenzo et al.
1996; Michaletz 1998a; Clayton and Maceina 2002). As such,
we expected adults to grow quickly and juveniles slowly in an
oligotrophic system such as Lake Powell, but both adult and
juvenile gizzard shad grew rapidly over the course of this
study. We did observe a shift in the overall size distribution
toward smaller gizzard shad in 2003 and 2004; however, age-
0 gizzard shad still attained sizes up to 191 mm in total length
by November. The increase in younger, smaller shad and their
relatively fast growth rates appeared to be due to the initial ef-
fects of dispersal and reproduction in new areas of the reser-
voir (i.e., limited intraspecific competition). In 2005, by
which time gizzard shad were well-established and integrating
into Lake Powell’s aquatic ecosystem, this introduced fish
population was dominated by large fish, corresponding with
our initial predictions. We note also that although Lake
Powell is generally characterized as oligotrophic, it is a very
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large, heterogeneous system with strong trophic gradients of
high to low productivity, not only across the reservoir but
also from littoral and pelagic zones (Mueller and Horn 1999;
this study). This heterogeneity provides opportunities for fish
to choose from a wide variety of habitat types and thus limits
the utility of static categorizations of trophic status in predict-
ing some aspects of invasion success (e.g., here, fish growth
rates during establishment and then integration).

Further, Lake Powell, like many lentic systems, is dy-
namic with several factors, in addition to primary productiv-
ity, that could influence the gizzard shad population size
structure over time. Abiotic conditions, such as changes in
water elevation and temperature, can directly affect larval
shad recruitment (Michaletz 1997) and, subsequently, con-
tribute to shifts in population size structure. As gizzard shad
continue to integrate into Lake Powell’s aquatic community,
density-dependent factors could slow their growth; however,
most observations of density-dependent reductions in growth
of gizzard shad have occurred in systems that are more pro-
ductive than Lake Powell (DiCenzo et al. 1996; Michaletz
1998a; Clayton and Maceina 2002). Accordingly, we predict
that this invasive species will continue to increase in density
and biomass, especially in the most productive inflow areas
of Lake Powell, but these increases will level off in a few
years. This prediction corresponds with initial observations
of gizzard shad in the San Juan Arm of the reservoir, where
autumn catches of this established population remained con-
sistent between 2003 and 2005, and growth rates remained
relatively high. Thus, it appears that during the integration
stage, juvenile gizzard shad will continue to grow rapidly, at
least in the absence of complex recruitment dynamics (not
considered here), which clearly warrant further research
(e.g., Peterson et al. 2004).

Predator gape limitations (H4)
Consideration of the growth rate of an invader can also be

critical to understanding their potential as forage, as prey
growth may determine whether or not an invading animal
will become forage or will be free from predation at higher
trophic levels. Over time, the proportion of gizzard shad po-
tentially vulnerable to striped bass predation increased as the
size distribution of gizzard shad shifted to include more age-
0 gizzard, but only a small proportion of gizzard shad was
potentially available as forage for age-0 striped bass. Age-1
and older striped bass were not gape-limited in consuming
age-0 gizzard shad in 2004, but few striped bass consumed
shad prey longer than approximately 120 mm in total length,
well below the estimated gape limit of larger striped bass.
Juanes (1994) suggested that piscivores frequently consume
prey much smaller than their maximum gape limitation, and
Overton (2003) similarly described the optimum prey size
for striped bass as 21% of the predator’s total length. During
the course of this study, the total length of shad consumed
by striped bass in Lake Powell averaged 15% of the preda-
tor’s total length. Correspondingly, analyses of striped bass
diets in several systems have supported a preference for prey
considerably smaller than their maximum gape limit (Bonds
2000; Overton 2003; Walter and Austin 2003), a pattern sup-
ported by our predator–prey size data; we observed a con-
centration on smaller forage, in this case age-0 shad. The

extent to which gizzard shad provided additional forage for
striped bass in Lake Powell depended largely on the size and
thus growth of the age-0 gizzard shad cohort. Our ability to
directly compare relative densities of gizzard shad and
threadfin shad was somewhat limited, because gear types
were disproportionately successful at capturing the two spe-
cies. In addition, other factors, such as spatial segregation,
could limit the availability of gizzard shad as forage for
striped bass (e.g., thermal preference). Nonetheless, there
appeared to be much higher densities of age-0 threadfin shad
available to striped bass predators. In this case, age-0 giz-
zard shad appear to be limited in numbers, and those that
were present quickly outgrew predator gape limits, provid-
ing limited forage to the striped bass population, a critical
factor influencing the integration stage of this invasion as
well as many invasions elsewhere (Ruiz and Carlton 2003;
Colautti et al. 2004).

Bioenergetic predictions and the predator–prey cycle
Finally, as gizzard shad continued to integrate into Lake

Powell’s aquatic ecosystem, bioenergetics-based modeling
provided us with an additional means of assessing the poten-
tial future impacts of this introduced species on the econom-
ically valued striped bass population. Through our predictive
model scenarios, we were able to gain a better understanding
of the potential magnitude of growth response expected from
striped bass, as a result of gizzard shad introduction. The po-
tential growth responses were considerable, especially given
that the narrow range of parameter adjustments used for the
different scenarios was based on empirical preinvasion data.
These simulations suggest that juvenile striped bass are most
sensitive to decreases in the availability of shad in the sum-
mer and autumn. This, in combination with gape limitation
in juvenile striped bass when preying on gizzard shad in
Lake Powell, suggests juvenile striped bass are more likely
to be effected negatively by gizzard shad than adult striped
bass. However, the potentially negative effects on juvenile
striped bass could still be consequential to other trophic dy-
namics, including the valued fishery of Lake Powell (e.g.,
direct and indirect effects; Ives et al. 1999), as these juve-
niles have a disproportionate influence on striped bass popu-
lation dynamics and the predator–prey cycle of Lake
Powell’s pelagic food web (Vatland 2006).

Over the past 30 years, Lake Powell’s striped bass and
threadfin shad populations have fluctuated dramatically in
abundance, and the dynamics of these two populations ap-
pear to be closely related (Vatland 2006). McCann et al.
(2005) suggest that when mobile, higher-order consumers,
such as striped bass, are tightly coupled with local habitats,
these predators can have a destabilizing effect on food webs.
During some time periods in Lake Powell, an imbalance be-
tween the predatory demand of the striped bass population
and the forage supply of the threadfin shad population has
resulted in large boom–bust cycles in the striped bass fishery
(Vatland 2006). Hypothetically, the (incidental) introduction
of an additional forage fish, such as gizzard shad, could pro-
vide stability to a predator–prey cycle (Gido et al. 2000), if
the invader provided substantial forage. This additional for-
age may then act to release the primary prey, in this case
threadfin shad, from the intense predation pressure assumed
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to, in part, drive the dramatic predator–prey cycle observed
in this system (Vatland 2006). In addition, the apparent ten-
dency of gizzard shad to feed in more littoral and benthic
habitat suggests they may act as important integrators of
benthic energy to the pelagic food web (e.g., Vander Zanden
and Vadeboncoeur 2002). However, the results of this study
suggest that gizzard shad are providing only limited forage
for striped bass, especially juvenile striped bass, which have
a large consumptive demand on the threadfin shad forage
base. As such, gizzard shad could actually intensify this
predator–prey cycle by competing with both threadfin shad
and juvenile striped bass in years of low, overall productiv-
ity. Further, the unpredictable nature of reservoir environ-
ments and the potentially mismatched evolutionary history
of introduced species assemblages (e.g., Gido et al. 2000)
limited our ability to predict the long-term effects of gizzard
shad integration into the Lake Powell food web.

In summary, gizzard shad became successfully established
in Lake Powell and spread throughout this large, heteroge-
neous reservoir within 4 years. This relatively quick estab-
lishment and extensive dispersal was clearly aided by an
ability to grow quickly, exceed gape limits, and reproduce
rapidly, combined with a lack of environmental constraints.
As gizzard shad dispersed throughout the reservoir and be-
gan to integrate into the aquatic food web, the highest densi-
ties of this invader were observed in the more productive
riverine areas and corresponded positively with littoral chlo-
rophyll a concentrations; this relationship provided us with a
useful and predictive tool for assessing invasion extent. Fast
growth rates, consequent predator gape limits, and limited
potential for competition combined and proved highly influ-
ential in determining invasion success. We predict gizzard
shad will continue to be successful invaders of Lake Powell
as they fully integrate into the aquatic ecosystem; however,
their introduction will have only limited effects on the estab-
lished striped bass – threadfin shad predator–prey cycle (as-
suming the abiotic conditions of this system do not fluctuate
dramatically). By examining a suite of biological character-
istics and the physical environment, we demonstrate that the
effects of an invader may be predictable through the stages
of introduction and establishment; however, at the integra-
tion stage of invasion, predicting invasion effects can be
more challenging, especially for omnivorous species and in
large heterogeneous systems that offer opportunities for spa-
tial segregation.
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