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Contrasting energy pathways 
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Species invasions can lead to ecological regime shifts by altering food web 

structure and changing nutrient cycling. Stable isotopes are a powerful tool 

to understand the potential and realized impacts of invasive species on food 

webs, especially when used in tandem with other dietary tracers. An invasion 

by one of the most notorious freshwater invaders in North America, the quagga 

mussel (Dreissena bugensis), is imminent in Lake Champlain, United States. An 

invasion by this filter feeder has the potential to drastically alter energy pathways 

and destabilize pelagic fisheries via bottom-up impacts. However, the extent 

and magnitude of these impacts depend on the current food web structure of 

the mid-trophic pelagic food web, which was previously not well described. 

We used Bayesian stable isotope mixing models informed by stomach content 

analysis to identify which energy pathways are currently most important to 

mid-trophic level fishes. We  determined that in the Main Lake basin, the 

spring phytoplankton bloom and deep chlorophyll layer – the resources most 

vulnerable to quagga mussels – provide a disproportionate amount of support 

to the pelagic food web via zooplankton and the migrating macroinvertebrate 

Mysis. The food web in the Northeast Arm of Lake Champlain is supported by 

epilimnetic phytoplankton, which is more protected from the filtration effects 

of quagga mussels than the deep chlorophyll layer. However, the Northeast 

Arm will likely not provide a high-quality foraging refuge to coldwater pelagic 

fish due to unfavorable oxythermal conditions. The mid-trophic food web of 

Lake Champlain—and consequently piscivores who rely on these prey—may 

be vulnerable to the impending quagga mussel invasion if migratory Mysis are 

not able to shift their diet to benthic resources.
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1. Introduction

Understanding food web structure and energy flow is critical 
for successful management and conservation of ecosystems 
threatened by anthropogenic change (Vander Zanden et al., 2006; 
Naman et al., 2022). For example, species invasions often lead to 
ecological regime shifts and have major impacts on ecosystem 
services (e.g., Charles and Dukes, 2007; Pejchar and Mooney, 
2009); therefore, understanding the effects of invaders may be one 
of the most important ways managers can anticipate and 
effectively respond to ecosystem change. We must first understand 
the relative importance of top-down or bottom-up processes and 
the basal resources most critical for at-risk native species to 
evaluate the potential impact of an introduced species. 
Understanding the factors that favor invasion, how similar systems 
responded to the same invasive species, and the biogeochemical 
and ecological configuration of the at-risk system are necessary 
for anticipating the socio-ecological consequences of an invasion 
(David et al., 2017; Flood et al., 2020).

The invasive zebra [Dreissena polymorpha (Pallas, 1771)] and 
quagga (D. bugensis Andrusov, 1897) mussels are major drivers of 
ecological change in fresh waters of North America. The 
mechanisms and impacts of their invasions have been extensively 
documented (e.g., Limburg et al., 2010; Karatayev et al., 2015; 
Strayer et al., 2019). Dreissenid mussels are ecosystem engineers 
(Sousa et al., 2009) and are one the most successful freshwater 
invaders in the northern hemisphere (e.g., Higgins and Vander 
Zanden, 2010; Nalepa and Schloesser, 2014). They have high 
fecundity (Keller et al., 2007) and filtration capacity (Higgins and 
Vander Zanden, 2010), and can create extensive, dense colonies 
that are highly effective at suspension feeding. As a result, 
dreissenids sequester nutrients and phytoplankton from the water 
column to the benthos, resulting in system oligotrophication 
(Higgins and Vander Zanden, 2010). By sequestering nutrients 
and phytoplankton during annual turnover events, dreissenids 
incrementally reduce pelagic productivity over time, which has led 
to the disappearance of spring phytoplankton blooms, reduction 
of the deep chlorophyll layer (DCL), and increased benthic algal 
blooms in many lakes (e.g., Cecala et al., 2008; Higgins and Vander 
Zanden, 2010; Pothoven and Fahnenstiel, 2013). In the Laurentian 
Great Lakes, reductions in pelagic primary production are 
associated with declines of important invertebrate prey species, 
such as zooplankton, Mysis, and Diporeia spp. (Nalepa et al., 2009; 
Higgins and Vander Zanden, 2010; Johannsson et  al., 2011); 
consequently, growth and biomass of mid-trophic level fishes 
often decline after mussels become established (Pothoven and 
Madenjian, 2008; Eppehimer et al., 2019). The extent of these 
impacts depends on whether one or both species of mussel has 
invaded a system.

Zebra mussels typically precede quagga mussels and spread to 
new systems quickly, but high densities are usually confined to 
littoral zones (Karatayev et al., 2015; Knight et al., 2018). Quagga 
mussels, despite spreading more slowly to new systems, reach 
greater densities than zebra mussels because they have higher 

growth and filtration rates, colonize deeper profundal areas, and 
outcompete and rapidly displace zebra mussels in shallow areas 
(Mills et al., 1999; Karatayev et al., 2015; Metz et al., 2018). Thus, 
quagga mussels often have more extensive ecosystem impacts than 
zebra mussels (Karatayev et al., 2015). Because the impacts of 
dreissenids are fairly predictable, management agencies may have 
time to adjust policies (e.g., adjust stocking rates or game fish 
catch limits) in response to an early invasion to partially offset 
predicted food web impacts.

Lake Champlain, United  States/Canada, has only been 
invaded by zebra mussels, and therefore the opportunity exists to 
inform management actions that could help counteract the food 
web impacts of an imminent quagga mussel invasion. Zebra 
mussels were first discovered in the lake in 1993 but have been 
primarily limited to depths shallower than 25 m (Marsden et al., 
2013; Knight et al., 2018). Quagga mussels have not yet invaded, 
despite their presence in the nearby St. Lawrence and Hudson 
Rivers (Figure 1; Riccardi et al., 1996; Strayer et al., 2020). An 
invasion is looming, given the connectivity of these systems to 
Lake Champlain (Figure 1). Hull inspections of vessels entering 
Lake Champlain from the Great Lakes are rare, but inspection of 
a vessel entering the lake from the Richelieu River (Figure 1) in 
2016 found 30% of a sample of dreissenids on the hull were adult 
quagga mussels (Marsden, unpublished data). While the impacts 
of zebra mussels on Lake Champlain’s food web and water quality 
have been limited (e.g., Smeltzer et al., 2012; Knight et al., 2018), 
quagga mussels could colonize all depths of Lake Champlain, to 
the maximum depth of 122 m (Mills et al., 1996) and outcompete 
existing zebra mussel colonies (Ginn et al., 2018). Thus, quagga 
mussels are likely to have a greater impact on the Lake Champlain 
system than the established zebra mussel population. Although 
profundal quagga mussel colonies may have limited epilimnetic 
effects in large lakes with stratification (e.g., Karatayev et al., 2015), 
filtration during spring turnover could substantially reduce the 
spring phytoplankton bloom, which maybe an important source 
of food for pelagic primary consumers (e.g., Pothoven and 
Vanderploeg, 2022). Further, any production in the hypolimnion 
is vulnerable to filtration by quagga mussels. In lakes with a deep 
chlorophyll layer, quagga mussels can substantially reduce 
hypolimnetic production (e.g., Fahnenstiel et al., 2010; Malkin 
et  al., 2012; Pothoven and Fahnenstiel, 2013). Consequently, 
quagga mussels could propagate bottom-up impacts in Lake 
Champlain by reducing the pelagic resources that support the 
pelagic fish community, exacerbating growing top-down pressure 
from a recovering lake trout (Salvelinus namaycush) population 
(Marsden et al., 2018; Wilkins and Marsden, 2021), resulting in a 
“trophic squeeze.”

Lake Champlain’s salmonid populations were re-introduced 
by stocking in the early 1970s; however, natural recruitment of 
lake trout did not begin until 2012, and Atlantic salmon 
recruitment is severely limited by dams. The most important prey 
for adult lake trout and Atlantic salmon (Salmo salar) in Lake 
Champlain are pelagic alewife (Alosa pseudoharengus) and 
rainbow smelt (Osmerus mordax), and the benthic slimy sculpin 
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(Cottus cognatus; Kirn and LaBar, 1996; Simonin et  al., 2018; 
Marsden et al., 2022). A wild population of lake trout is becoming 
established, and wild age-0 lake trout rely on the macroinvertebrate 
Mysis as a primary prey (Marsden et al., 2022). Stocking numbers 
have been reduced because an increased abundance of predators 
due to natural recruitment may add predation pressure to prey 
fishes (Marsden et  al., 2018; Wilkins and Marsden, 2021). 
Rainbow smelt and alewife feed on a combination of crustacean 
zooplankton and Mysis, and rainbow smelt are also cannibalistic 
(Labar, 1993). However, the relative importance of each prey 
group is unknown, especially Mysis, which represents an 
important link between benthic and pelagic habitats (Stockwell 
et  al., 2020). The impact of quagga mussels on Mysis, and 
consequently on lake trout recruitment, will depend on the 
relative contributions of benthic and pelagic resources to 
Mysis diets.

The role of Mysis in the Lake Champlain food web is of 
particular importance because they are omnivorous and exhibit 
diel vertical migration (Euclide et al., 2017; O’Malley et al., 2018). 
The daily movement between benthic and pelagic habitat allows 
Mysis to feed on both detritus and planktonic resources (O'Malley 
and Stockwell, 2019), and exposes them to predation by both 
benthic (e.g., slimy sculpin, age-0 lake trout) and pelagic fishes 
(e.g., Gamble et al., 2011a, 2011b). We do not know the relative 
contribution of detritus, epilimnetic phytoplankton, and 
hypolimnetic phytoplankton (directly or via zooplankton and 

benthic invertebrates) to Mysis production or the contribution of 
Mysis to the mid-trophic level fish community in Lake Champlain, 
and thus we do not know how dependent the mid-trophic level 
fish community is on pelagic versus benthic energy pathways and 
thus its consequent vulnerability to quagga mussels.

We hypothesized that alewife and rainbow smelt primarily 
rely on pelagic energy pathways, specifically the spring 
phytoplankton bloom and DCL. As such, a reduction in 
hypolimnetic pelagic resources by quagga mussels would lead to 
declines in key zooplankton prey and consequent declines in 
pelagic planktivorous fish populations. Subsequently, pelagic 
piscivore populations may face a bottom-up-induced prey decline, 
which would reduce both the ecological integrity and recreational 
fishing opportunities in Lake Champlain. In contrast, because 
slimy sculpins rely on benthic energy pathways we hypothesize 
that they will be un-impacted or positively impacted by quagga 
mussels, therefore sculpin could partially offset the impacts on 
piscivores who forage in both benthic and pelagic habitats. 
We conducted bi-weekly sampling of the lower and middle food 
web of Lake Champlain’s two largest basins over 7 months, then 
used Bayesian isotope mixing models (MixSIAR; Stock et  al., 
2018) to identify the importance of benthic versus pelagic 
resources for Lake Champlain’s mid-trophic level fish community. 
We then used the model results to estimate the susceptibility of the 
same fish community to a quagga mussel invasion due to 
concurrent top-down and bottom-up pressures.

FIGURE 1

Map of Lake Champlain and its basins, showing connectivity of Lake Champlain and adjacent waterways. The Hudson River connects to Lake 
Champlain via the Champlain Canal in the south, and the lake flows north via the Richelieu River into the St. Lawrence River. Quagga mussels are 
established in Lake Ontario, the Hudson River, and the St. Lawrence River.
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2. Materials and methods

2.1. Sample sites

Lake Champlain is a large, freshwater lake situated among 
northwestern Vermont, northeastern New York, United States, 
and southern Quebec, Canada. Water flows northward into the 
Richelieu River, and then into the St. Lawrence River (Figure 1). 
The Chambly Canal allows boat traffic, a potential invasion vector, 
to bypass rapids in the Richelieu River, while the Champlain Canal 
creates a pathway for invasive species by connecting the southern 
end of the lake to the Hudson River and Erie Canal (Marsden and 
Hauser, 2009). Causeways and islands separate the 193-km-long 
lake into four major basins (Figure  1), each with contrasting 
morphometry and trophic conditions. The Main Lake is the 
largest (up to 19 km wide) and deepest basin (maximum 122 m) 
and is mesotrophic. The Northeast Arm is the second largest basin 
by area, with a maximum depth of 49 m, and is eutrophic. 
Cyanobacteria blooms are common in both basins in summer, but 
more severe and expansive in the Northeast Arm. Openings in the 
causeways that separate the basins are shallow (1–7 m) and narrow 
(<100 m), so passage of cold-water species between basins is 
presumed to be  restricted to the non-stratified season. Slimy 
sculpin, rainbow smelt, and lake whitefish populations in the Main 
Lake and Northeast Arm are not genetically isolated (Euclide 
et  al., 2018, 2019, 2020), and lake trout are found in the the 
Northeast Arm in winter but not during the stratified seasons, 
indicating that transfer of fishes and nutrients does occur between 
basins. Water flow is mostly from the Northeast Arm into the 
Main Lake, which may account for the slow colonization of zebra 
mussels into the Northeast Arm (Marsden and Langdon, 2012).

We sampled a 40-m and a 100-m deep site in the Main Lake 
and a 40-m deep site in the Northeast Arm (Figure 1). At each site, 
we sampled the lower food web (invertebrates, phytoplankton, 
sediment) biweekly and the full food web (fish, Mysis, and lower 
food web) monthly from May to November, 2019. On all sampling 
dates we recorded mean Secchi depth (m) and measured water-
column profiles using a CastAway temperature-depth probe 
(SonTek©, San Diego, CA, United States) or Seabird CTD (Sea-
Bird Scientific).

2.2. Sample collection

We collected three replicate samples of phytoplankton, 
zooplankton, benthic invertebrate, and sediment (proxy for 
detritus) every 2 weeks at each site. Integrated photic zone water 
samples for phytoplankton were collected by lowering a 25-m 
garden hose (2-cm diameter) with weight on the end to a depth of 
2.5× the Secchi depth and emptying the filled hose into a bucket. 
The sample was mixed, then poured into a 4-L opaque Nalgene 
bottle. Zooplankton were collected from the whole water column 
using a 150-μm Bongo net, then concentrated into a 250-ml 
sample jar. Benthic invertebrates were sampled using a 

152 × 152 mm Ponar grab. All samples were kept in a cooler on ice 
until returning to the lab.

At each 40-m site, we conducted daytime bottom trawls, and 
at the 100-m site we conducted daytime and nighttime midwater 
trawls to target alewife, smelt, and sculpin. Trawl depths varied 
±10 m. Bottom trawls were not conducted at the 100-m site due to 
gear limitations. Fish were measured (total length; TL, in mm) on 
board and separated by size class; 20 of each size class of each 
species was collected at each site. Alewife were split into small 
(<100 mm), medium (100–200 mm), and large (>200 mm) size 
classes; rainbow smelt into small (<100 mm), medium 
(100–150 mm), and large (>150 mm) classes; and sculpin into 
small (<60 mm) and large (>60 mm) classes. All fish were promptly 
frozen onboard before transferring to a −20°C freezer at 
the laboratory.

2.3. Laboratory processing and analysis

Water samples were refrigerated and then filtered within 24 h 
of collection onto 1.2-μm glass fiber filters for stable isotope 
analysis. Zooplankton samples were filtered through a 350-μm 
sieve to remove filamentous algae, then left to settle for 30–60 min 
to separate from remaining phytoplankton. The top clear layer was 
poured off and inspected and picked for any remaining debris or 
large phytoplankton, then the concentrated sample was added to a 
scintillation vial in preparation for drying and stable isotope 
analysis. Benthic invertebrate samples were sieved to remove large 
debris, then picked for all conspicuous taxa, grouped by major 
taxonomic group (chironomids, oligochaetes, amphipods, 
gastropods), then rinsed with deionized water. Each Mysis replicate 
was sorted into juvenile (TL < 10 mm; from the tip of the rostrum 
to the tip of the telson) and adult (TL > 10 mm) size classes and 
counted; 10–20 individuals of each size class were then rinsed in 
deionized water and grouped into scintillation vials in preparation 
for drying and stable isotope analysis. Fish were measured for total 
length (mm) and wet weight (g), then dissected. Dorsal muscle 
tissue plugs were taken for isotope analysis, and stomachs were 
removed, weighed, then preserved in 90% ethanol. Fish, 
invertebrate, phytoplankton, and sediment samples were then 
prepared for bulk isotope analysis by drying at 40°C for 24–48 h, 
depending on density and water content, then homogenized (with 
the exception of filtered samples) with a mortar and pestle or a 
glass rod in a scintillation vial. Homogenized samples were then 
subsampled, phytoplankton were scraped from filters, weighed 
(μm), and packed in tin capsules for bulk stable isotope analysis. 
All isotope samples were analyzed for δ13C and δ15N at the UC 
Davis Stable Isotope Facility using a PDZ Europa ANCA-GSL 
elemental analyzer interfaced to a PDZ Europa 20–20 isotope ratio 
mass spectrometer (Sercon Ltd., Cheshire, United Kingdom) with 
reference material Vienna PeeDee Belemnite and air for carbon 
and nitrogen, respectively (SD was 0.2‰ for 13C and 0.3‰ for 15N). 
Internal duplicates (n = 22) indicated samples were well-
homogenized (paired t-test; p = 0.35 for δ13C and p = 0.82 for δ15N).
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2.4. Stomach analysis

Fish stomach contents were identified by microscope and prey 
were coarsely grouped as amphipods, oligochaetes, zooplankton, 
detritus, terrestrial insects, Mysis, fish, or eggs. Each item was 
assigned a percent of total composition by weight. For the first 20 
stomachs of each fish species, each prey group was weighed separately 
to determine percent composition; percent composition of each 
taxon was subsequently estimated by eye for the remaining stomachs. 
We evaluated this protocol by comparing the precise measurements 
of percent composition to those estimated by eye; estimates were 
within 10% error of true percent composition by weight. Estimates 
were also within 5% error among individual technicians.

2.5. Trophic discrimination factors

We calculated δ15N and δ13C trophic discrimination factors 
(TDFs, ΔyX) for fish using our isotope and diet data because the 
isotope mixing space better aligned with consumer isotope data 
relative to data calculated with literature TDFs (e.g., Caut et al., 
2009; Bastos et al., 2017). For each size class of each fish species, 
we calculated the mean dietary contributions of each prey type 
(pprey) using our stomach data. We then used (pprey) to weigh the 
relative importance of each prey’s nitrogen and carbon isotope 
values when calculating the difference in δ15N and δ13C between 
the consumer and the prey (the TDF) using the following equation:

 
( )δ δ∆ = − ∑ ×y y y

consumer prey preyX mean X p X

For size classes that consumed primarily one prey source (e.g., 
small alewife were exclusively zooplanktivorous), we calculated 
the TDF as the difference between consumer and prey isotope 
values. All fish δ13C data were lipid-corrected with the following 
equation: Δ13C = −3.32 + 0.99 × C:N (Post et al., 2007). Literature 
TDF values were used for zooplankton and Mysis (Brauns et al., 
2018). Final TDF values used in the models are listed in Table 1.

2.6. Estimating pelagic × benthic 
contributions to fish and invertebrates

To evaluate the relative contributions of pelagic and benthic 
resources to mid-trophic level fishes, we used Bayesian mixing 
models (MixSIAR; Stock et al., 2018). For each fish species at each 
site, two models were run: a prey-based model, and a primary 
producer-based model (using average δ13C and δ15N of the 
respective sources). For Mysis and zooplankton, only the primary 
producer model was employed. The invertebrate samples were 
divided into Early Season (May–July) and Late Season (August–
October) because zooplankton isotopic turnover is a few weeks 
(Emery et al., 2015) – zooplankton tissues reflect consumption 
from 1 to 2 weeks before collection. Isotopic turnover for juvenile 

fish, however, is from 1 to 3 months (Oliveira et  al., 2017; 
Hernández-Urcera et  al., 2022), and this time lag between 
consumption and consumer isotopic assimilation must 
be considered in the models for more reliable results (Vander 
Zanden and Rasmussen, 2001; Hussey et al., 2014; Lanari et al., 
2021; Possamai et al., 2021).

Due to the possible ontogenetic shifts in the diet of the fish 
species and Mysis, these consumers were categorized into size 
classes based on their total length (Mysis: TL < 10 mm small, and 
TL > 10 mm large; Fish: see section 2.2). Diets of medium and 
large size classes of rainbow and alewife were similar, therefore 
we combined medium and large fish (hereafter referred to as 
“large” fish) within each species in the models to increase the 
sample size. Size class was included as a fixed factor in the model. 
The sources included in the prey-based model were selected 
based on the stomach contents of each fish species/size class, and 
the seasonal averages of δ13C and δ15N values of the prey species 
were used. We used the seasonal averages of δ13C and δ15N of 

TABLE 1 Trophic enrichment factors (TEF) used in the Bayesian mixing 
models for each consumer in the different life stages (juveniles  ×  
adult) and sites of Lake Champlain.

Consumer Site δ13C ±SD δ15N ±SD

Alewife 

(juvenile)

Main Lake 2.30 0.81 2.00 1.25

Alewife (adult) Main Lake 2.30 0.81 2.00 1.25

Alewife 

(juvenile)

Northeast 

Arm

2.30 0.81 2.00 1.25

Alewife (adult) Northeast 

Arm

2.30 0.81 2.00 1.25

Smelt (juvenile) Main Lake 2.20 0.98 3.12 1.18

Smelt (adult) Main Lake 1.60 0.94 1.75 0.65

Smelt (juvenile) Northeast 

Arm

0.60 0.37 4.90 0.76

Smelt (adult) Northeast 

Arm

0.20 0.18 1.30 0.52

Sculpin 

(juvenile)

Main Lake 1.90 0.93 3.70 0.88

Sculpin (adult) Main Lake 1.90 0.93 3.70 0.88

Sculpin 

(juvenile)

Northeast 

Arm

0.00 0.98 4.30 0.66

Sculpin (adult) Northeast 

Arm

0.00 0.98 4.30 0.66

Mysis diluviana Main Lake 0.60 0.40 4.00 0.40

Zooplankton Main Lake 0.60 0.40 4.00 0.40

Zooplankton Northeast 

Arm

0.60 0.40 4.00 0.40
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small rainbow smelt as the values for prey fish, as these were the 
only fish species identified in stomachs. Mysis had a low 
abundance in the Northeast Arm, therefore models for this 
species were only run in the Main Lake. In the producer models, 
sources were selected based on their presence/absence at the site. 
Source δ13C and δ15N values for epilimnetic phytoplankton and 
detritus were seasonal averages. The δ13C and δ15N values for the 
spring bloom were an average of all Main Lake samples collected 
during spring turnover (April and May), and we assumed the 
isotopic composition of the bloom in the Northeast Arm was 
similar. The isotopic values for the DCL were taken from the 
literature (Francis et al., 2011); this source was only included in 
the Main Lake models, as the Northeast Arm is too productive to 
develop a DCL.

Trophic discrimination factors (TDF) used for each fish 
species/site were calculated based on the stomach content 
analysis and δ13C and δ15N values of prey species. For all 
Bayesian models, no informative priors were used, because (i) 
no prior information is available for producers’ contributions to 
these consumers in this system, and (ii) although we  had 
stomach content information for these species to include in the 
prey-based models, informative priors can bias models with a 
small number of samples (Brown et al., 2018). Moreover, our 
models represent a season with rapid isotopic turnover of 
producers, but isotopic assimilation into tissues is relatively 
slow, therefore diet information may differ from the modeled 
diet based on the stable isotopes. The mixing models were fitted 
using the Markov Chain Monte Carlo (MCMC) method, 
running 100,000 simulations for each model and discarding the 
first 50,000 simulations used for burn-in. If the model did not 
reach good diagnostics (Gelman-Rubin Diagnostic <1.05, and 
Geweke Diagnostic ±1.96), we  ran the model again using 
300,000 simulations with 200,000 burn-ins. Results were 
reported as the median (50%) and 95% Bayesian credibility 
intervals of the estimated contributions. Bayesian analyses were 
performed using JAGS 4.3.1 (Denwood, 2016), and the models 
were performed by MixSIAR package (Stock and Semmens, 
2016) in R 4.2.0 (R Core Team, 2022).

3. Results

Diet data and mixing models indicated that mid-trophic fish 
in Lake Champlain generally rely on pelagic pathways, via 
zooplankton and Mysis as their primary food resources, with 
some variation between basins. In the Main Lake, zooplankton 
and Mysis dominated the stomach contents of pelagic fish, while 
Mysis and benthic invertebrates were more prevalent in the 
stomachs of benthic fish (Figure 2). In the Northeast Arm, Mysis 
abundance is low; amphipods and zooplankton were the primary 
prey sources for pelagic fish, and amphipods and other benthic 
invertebrates (oligochaetes and chironomids) dominated benthic 
fish stomachs. The prey-based MixSIAR models largely aligned 
with the stomach content analysis, and the producer-based 

models revealed that seasonal resources are very important in 
sustaining the Lake Champlain food web.

3.1. Alewife

Alewife consumed primarily zooplankton across all life 
stages and at both sites (Figure 2A). Mysis (Main Lake) and 
amphipods (Northeast Arm) occasionally dominated (>60%) 
stomach contents of large alewife, depending on the time of year 
(early season for Mysis and late season for Amphipoda; 
Figure  2A; Supplementary Table  1). The prey-based mixing 
models indicated that small and large alewife at both sites 
acquired the majority of their energy from zooplankton; 
zooplankton diet contributions were greater than 80% in the 
Main Lake, and greater than 60% in the Northeast Arm 
(Figure 3A; Supplementary Table 1). The primary producer-
based models suggested that phytoplankton (55% contribution) 
and the spring bloom (44% contribution) were similarly 
important for sustaining alewife during the summer and 
autumn in the Main Lake, for both size groups of alewife. 
However, in the Northeast Arm, spring bloom had lower 
importance (<35%); epilimnetic phytoplankton production was 
the major contributor of carbon to small (72%) and large (66%) 
alewife (Figure 3B; Supplementary Table 2).

3.2. Rainbow smelt

Rainbow smelt diets exhibited an ontogenetic shift where 
small individuals primarily preyed on zooplankton and Mysis at 
both sites, while large individuals had higher consumption of 
Mysis and juvenile rainbow smelt (Figure  2B). Prey-based 
MixSIAR models also showed ontogenetic shifts in rainbow smelt 
diet, with higher contributions of zooplankton to the small 
individuals (57%), and Mysis (50%) and fish (43%) to the large 
smelt in the Main Lake (Figure  3C; Supplementary Table  1). 
Northeast Arm prey-based models did not resolve well because 
large rainbow smelt did not fit within the isotope mixing space 
(Supplementary Figure 1A), whereas stomach data indicated a 
diet of almost exclusively juvenile smelt; issues of sample size and 
tissue turnover relative to timing of movement to the Northeast 
Arm may explain this discrepancy. Small rainbow smelt from the 
Northeast Arm had a large contribution of amphipods (43%) in 
the diet (Figure 3C), but this result did not align with stomach 
content data, which indicated a diet of almost exclusively 
zooplankton (Figure  2B). Producer-based models showed 
inverted patterns for small and large rainbow smelt in the Main 
Lake. Benthic energy (detritus) was the largest contributor to 
diets of small individuals (57%), followed by the pelagic spring 
phytoplankton bloom (>38%). This pattern was the opposite for 
large individuals, with detritus the smallest contributor (30%) 
and the spring bloom the largest (62%; Figure  3D;  
Supplementary Table 2). For small rainbow smelt in the Northeast 
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Arm, the producer-based model showed contributions >90% 
from epilimnetic phytoplankton (Figure 3D), more aligned to the 
stomach contents results than the prey-based model. Primary-
producer based models for large rainbow smelt in the Northeast 
Arm were not well resolved (Supplementary Figure 1B).

3.3. Slimy sculpin

In the Main Lake, the diets of small slimy sculpins comprised 
mainly Mysis, while large individuals also preyed on benthic 
invertebrates such as chironomids and amphipods (Figure 2C). The 
slimy sculpins captured in the Northeast Arm showed the same 
pattern for both small and large individuals, with the diet 
comprised entirely of amphipods and other benthic invertebrates 
(Figure 2C). The prey-based MixSIAR model showed a similar diet 
for both small and large slimy sculpin in Main Lake, with Mysis 
composing more than 90% of the diet (Figure  3E;  
Supplementary Table 1). For the Northeast Arm, the model could 

not distinguish well between amphipods and benthic invertebrate 
contributions (Supplementary Figure 2), given both prey groups 
likely rely on benthic basal resources (Figure 3E). The combined 
contributions of amphipods and benthic invertebrates were > 70% 
for both small and large slimy sculpin. In the producer-based 
MixSIAR models, the spring bloom showed a great contribution to 
slimy sculpin in both small (55%) and large (52%) body sizes in the 
Main Lake, followed by high contributions of detritus (41 and 43% 
for small and large, respectively; Figure 3F;   Supplementary Table 2). 
In the Northeast Arm, pelagic resources were the main contributor 
to slimy sculpin diets, with an estimated contribution >80% for 
both small and large individuals (Figure 3F; Supplementary Table 2).

3.4. Mysis diluviana

Mysis were abundant in the Main Lake but rare in the 
Northeast Arm. Models showed some isotopic differences between 
small and large individuals and across the open water season. 

A

C

B

FIGURE 2

Stomach content composition of three different sizes (small, medium, and large) of (A) alewife (n = 124), (B) rainbow smelt (n = 137), and (C) slimy 
sculpin (n = 152) for three sites in Lake Champlain: Main Lake at 100-m depth, Main Lake at 40-m depth, and Northeast Arm at 40-m depth. 
Sampling period months start in May (M) and end November (N) 2019. ‘Fish’ in the figure legend corresponds to juvenile rainbow smelt.
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During the early season (May–June), our model suggested small 
Mysis preyed primarily on zooplankton (67%), while zooplankton 
(40%) and detritus (30%) contributed almost equally to the large 
individuals (Figure 4A; Supplementary Table 3). The spring bloom 
was not identified as an important resource for Mysis foraging, 
with contributions of just 15%. However, the model to estimate 
large Mysis diets in early season was not well resolved among 
sources (Supplementary Figure  3C). In the late season, an 
ontogenic pattern was observed, with benthic resources serving as 
the major contributor to small Mysis (>55%), while pelagic sources 
were the major contributor to large Mysis (68%; Figure  4A;  
Supplementary Table 3).

3.5. Zooplankton

The MixSIAR models indicated that, during the early season, 
spring blooms compose more than 60% of the energy sources for 

zooplankton in Main Lake, with the remainder from epilimnetic 
phytoplankton (19%) and the DCL (10%) (Figure  4B;  
Supplementary Table 3). In the Northeast Arm, the model could 
not distinguish well between contributions from detritus versus 
phytoplankton (Supplementary Figure 4), but estimated 57% from 
detritus and 33% from epilimnetic phytoplankton (Figure 4B;  
Supplementary Table 3). During the late season, the DCL is an 
important resource for the zooplankton in the Main Lake (90%), 
while in the Northeast Arm the main contributors to zooplankton 
diets are phytoplankton (55%), and detritus (44%; Figure  4B;  
Supplementary Table 3).

4. Discussion

Carbon and nitrogen stable isotopes are commonly used to 
define trophic connections in aquatic systems through carbon 
flow, organic contamination, and ecosystem functioning (Ishikawa 

A B

C D

E F

FIGURE 3

Relative contributions (%) of each carbon source to the fish species estimated by MixSIAR models. Contributions were estimated for small and 
large individuals from two sites in Lake Champlain (Main Lake and Northeast Arm). (A) Prey contributions to alewife, (B) producer contributions to 
alewife, (C) prey contributions to rainbow smelt, (D) producer contributions to rainbow smelt, (E) prey contributions to slimy sculpin, and 
(F) producer contributions to slimy sculpin. Mysis, Mysis diluviana; Benthic Invert., benthic invertebrates including bivalves, insect larvae, 
gastropods, and oligochaetes. Spring bloom refers to a spring phytoplankton bloom that occurred during spring turnover in May 2019. 
Phytoplankton refers to epilimnetic phytoplankton. * Prey-based models for alewife in the Northeast Arm included the contribution of 
zooplankton from the Main Lake.
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et al., 2017; Dias et al., 2018; Possamai et al., 2020). We used stable 
isotopes to predict the potential effects of an imminent biological 
invasion on the aquatic food chain and species interaction. 
Moreover, by combining stable isotope methodology with 
stomach content data, we were able to calculate specific trophic 
discrimination factors to better resolve our mixing models. Our 
field and modeling results suggest a quagga mussel invasion in 
Lake Champlain could have a large impact on the pelagic food 
web, but this effect would likely be stronger in the Main Lake than 
in the isolated Northeast Arm. The current Main Lake lower food 
web is heavily supported by the spring phytoplankton bloom early 
in the open-water season, then support shifts to the DCL later in 
the summer. Both sources of primary production are important 
for zooplankton; together they contribute >70% of the energy for 
zooplankton vs. < 20% from epilimnetic phytoplanktonic 
production. Zooplankton is a primary prey of rainbow smelt and 
Mysis, and the predominant prey for alewife (Figure 5A). If quagga 
mussels reduce the biomass of the spring phytoplankton bloom 
and DCL as observed in the Great Lakes (e.g., Vanderploeg et al., 
2010; Pothoven and Fahnenstiel, 2013), these energy pathways will 
likely weaken (Figure 5B) and zooplankton biomass will decline, 
presumably to the detriment of their predators (e.g., Pothoven and 
Madenjian, 2008; Nalepa et al., 2009; Higgins and Vander Zanden, 
2010; Eppehimer et al., 2019).

Although the mixing models did not detect a DCL 
contribution to fish, the DCL likely contributes to these consumers 
late in the year, but did not appear in our models due to tissue 
turnover time. Isotopic turnover for fish can be about 1–4 months 
longer than zooplankton (Emery et al., 2015; Oliveira et al., 2017), 
and potentially up to 6 months longer for cold water fish species 
(Skinner et al., 2017). Consequently, if the DCL is important to 

fish species, it would be detected during the winter. Unfortunately, 
we do not have samples during winter time to corroborate this 
hypothesis, but given our model results indicate the DCL is 
important for the lower food web, we can infer that it is also likely 
important for zooplanktivorous fishes.

Mysis is also an important component of the Lake Champlain 
food web, supporting both pelagic and benthic fish populations. 
The impact on Mysis of losing spring bloom and DCL production 
is still uncertain, as their dietary plasticity may allow them to shift 
to a predominantly benthic diet. Our models agree with existing 
literature (Hrycik et al., 2015) and indicate zooplankton have 
high importance for both juvenile and adult Mysis in Lake 
Champlain. In addition to zooplankton, Mysis were also strongly 
supported by the detrital pathway (detritus and 
macroinvertebrates), especially when the spring bloom was 
absent. Benthic habitats are often an underestimated resource for 
Mysis (Stockwell et al., 2020) and quagga mussels do not seem to 
negatively impact benthic invertebrate biomass (Ward and 
Ricciardi, 2007; Ozersky et  al., 2011). In fact, increased 
production of detritus and the production of pseudofeces by 
quagga mussels may present a novel dietary resource for Mysis. 
If so, pelagic fish that rely on Mysis (e.g., rainbow smelt) may have 
their energetic pathway shifted from pelagic to benthic, without 
large dietary shifts or losses to population biomass. However, 
preliminary fatty acid and deuterium fatty acid data indicate 
pelagic prey are an important source of essential fatty acids for 
Mysis (Supplementary Figures 5, 6). For instance, an essential 
dietary fatty acid (Docosahexaenoic acid, DHA) was not present 
in high enough concentrations in sediment for compound-
specific isotopic analysis, which indicates this fatty acid is not 
readily available for benthic consumers. Further, Mysis fatty acid 

A B

FIGURE 4

Relative contributions (%) of each prey source to consumers estimated by MixSIAR models. (A) Contributions to Mysis estimated for small and 
large individuals in Main Lake, Lake Champlain during the early (May–July) and late (August–November) seasons. (B) Contributions to zooplankton 
estimated in both sites (Main Lake and Northeast Arm) during early and late seasons. Spring bloom refers to a spring phytoplankton bloom that 
occurred during spring turnover in May 2019. Phytoplankton refers to epilimnetic phytoplankton.
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deuterium values aligned with zooplankton more than benthic 
invertebrates, indicating essential nutrients likely come from 
pelagic resources (Supplementary Figure 6). Therefore, if Mysis 
shift to a predominantly benthic diet after quagga mussels 
establish, their quality as a prey resource may decline, 
consequently impacting slimy sculpin and rainbow smelt. For 
example, the physiological condition of Mysis in Lake Huron may 
have declined due to either invasion-induced competition and/
or dreissenid-related loss of diatoms and zooplankton (Mida 
Hinderer et  al., 2012). Additionally, the projected loss of 
zooplankton biomass may increase predation pressure on Mysis 
by zooplanktivorous pelagic fish (e.g., alewife, rainbow smelt), 
and therefore negatively impact Mysis population size; however, 
this may be mitigated by top-down pressures from lake trout on 
Mysis predators, as wild lake trout recruitment is increasing in 
Lake Champlain (Marsden et al., 2018; Wilkins and Marsden, 
2021). Despite the uncertainty around food quality, the ability of 
Mysis to make use of benthic energy sources may make them a 
key player in maintaining some amount of stability in the 
mid-trophic level food web in the Main Lake. This dietary 
plasticity of consumers is argued to contribute to the capacity of 
lakes to adapt to stressors such as invasive species (McMeans 
et  al., 2016). However, Mysis population densities already 
experienced an apparent rapid decline in the mid-1990s (Ball 
et al., 2015), and so the ability of Myisis to adapt to the arrival of 
quagga mussels is uncertain.

In contrast with the Main Lake, the mid-trophic level fish 
community in the Northeast Arm may not be as susceptible to a 
quagga mussel invasion. The basin is eutrophic and epilimnetic 
production is too high to allow the formation of a DCL in the 
hypolimnion. Our models suggested epilimnetic production was 
the most important basal energy resource for zooplankton in this 
basin. Consequently, pelagic fish – and even slimy sculpin – were 
primarily supported by epilimnetic phytoplankton via 
zooplankton. The epilimnion is often more protected from 
filtration by dreissenids than the hypolimnion (Fahnenstiel et al., 
2010) and given the Northeast Arm is eutrophic during summer 
stratification, dreissenid-induced decreases in epilimnetic 
production would be more incremental and unlikely to decrease 
enough to compromise the availability of this basal resource. 
Further, the volume of epilimnetic production is much greater 
than the volume of production in the DCL, such that more time 
would be  needed to see meaningful decreases in epilimnetic 
production relative to the DCL. Lastly, quagga mussels colonize 
deep waters prior to littoral areas, and thus access the DCL before 
epilimnetic production. Therefore, we do not expect the food web 
in the Northeast Arm to be as severely impacted by a quagga 
invasion. The spring bloom was minimally important for 
zooplankton in this basin; however, we used the isotope values for 
the bloom in the Main Lake in our Northeast Arm models, as 
sampling in the Northeast Arm did not start until after spring 
turnover. Therefore, if the isotopic composition of the spring 

A B

FIGURE 5

Conceptual figure of (A) current energy pathways and (B) our assessment of how quagga mussels may impact energy flow once established in the 
Main Lake of Lake Champlain. The orange copepod represents zooplankton populations, the yellow Mysis represents Mysis populations, the fish 
(from top to bottom) represent alewife, rainbow smelt, lake trout, and slimy sculpin populations. Size of the boxes represents biomass of the basal 
resource pool. Line thickness indicates relative strength of each energy pathway before and after invasion. Dotted lines indicate a weak or 
uncertain pathway. Faded color in the quagga food web (B) indicates uncertain population sustainability. If a quagga invasion weakens the most 
important pelagic energy sources (the spring bloom and deep chlorophyll layer) to the pelagic food web in the Main Lake (B), and stocking of 
predator populations continues at current rates, mid-trophic level fish may experience a “trophic squeeze.”
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bloom in the Northeast Arm differs from the Main Lake (for 
example, due to differences in phytoplankton community 
composition or CO2 availability; Vuorio et al., 2006), we may not 
have accurately represented this potential resource. Future studies 
should explore biomass and relative importance of hypolimnetic 
and epilimnetic phytoplankton in the Northeast Arm food web to 
better assess the potential impact of quagga mussels in this basin.

The impacts of quagga mussel invasion on productivity could 
potentially lead to greater spatial segregation among basins of 
mid-trophic level fish populations in Lake Champlain. Rainbow 
smelt are more confined to the Main Lake (Bruel et al., 2021) while 
alewife may fare better in the warmer Northeast Arm. Although the 
Northeast Arm may be more resistant to the impacts of quagga 
mussels than the Main Lake on important basal resource pools, it 
may not provide a high-quality alternative foraging habitat for 
rainbow smelt relative to the Main Lake because of differences in 
water quality and resource availability. Water temperature and 
productivity is higher, dissolved oxygen is lower, and depth is 
shallower in the Northeast Arm than in the Main Lake, and rainbow 
smelt abundance in the Northeast Arm is generally declining (Bruel 
et al., 2021). Additionally, as lake temperatures warm due to climate 
change (O'Reilly et  al., 2015; Woolway et  al., 2020), the low 
availability of appropriate oxythermal habitat for pelagic coldwater 
species such as rainbow smelt in the Northeast Arm will continue to 
decrease. Alewife, which have a higher thermal tolerance than 
rainbow smelt (Simonin et al., 2012), may fare better in the Northeast 
Arm, where zooplankton populations may be  less at-risk to the 
impacts of an invasion. However, when alewife first invaded Lake 
Champlain, they became the dominant pelagic species, overlapping 
with the rainbow smelt niche (Marsden and Langdon, 2012; Simonin 
et al., 2012, 2018). Alewife could pose a competitive risk to rainbow 
smelt if they can adapt to the food web changes introduced by 
quagga mussels. Therefore, populations of both species may 
necessarily become more spatially segregated between the Main 
Lake and Northeast Arm. Further, the potential lower availability of 
food for rainbow smelt in the Main Lake combined with the higher 
competitive ability of alewife could pose a risk to rainbow smelt 
stocks after quagga mussels become established in Lake Champlain.

Another mid-trophic fish, the slimy sculpin, may provide some 
relief to piscivores if pelagic mid-trophic species decline. The 
primary carbon source for slimy sculpin is provided by the benthic 
pathway (via detrital epilimnetic carbon) and is unlikely to 
be impacted by a quagga mussel invasion (Ward and Ricciardi, 2007; 
Ozersky et al., 2011). Slimy sculpin is a dominant prey of juvenile 
lake trout in the Great Lakes (Elrod, and OˈGorman, R., 1991; 
Owens and Bergstedt, 1994; Madenjian et  al., 2005). Therefore, 
regardless of the losses in the rainbow smelt population, lake trout 
may switch to slimy sculpin as their primary prey in Lake Champlain, 
assuming the recent re-emergence of wild recruitment (Marsden 
et al., 2018) is unrelated to the increased prey availability introduced 
by the alewife invasion (which is unlikely; Lesser et al., in review).

Although our models provided robust results for the majority 
of the species and basins, isotope values of detritus and 
phytoplankton cannot be  readily resolved, which means the 

majority of detritus is likely derived from epilimnetic phytoplankton 
– suggesting other phytoplankton (the spring bloom and DCL) is 
more likely to be consumed before contributing to the detrital pool. 
The importance of non-epilimnetic phytoplankton in the Main 
Lake models supports this possibility; they are available for less 
time, so any signal they contribute to detritus could become diluted 
by epilimnetic phytoplankton. Resolving the differences in detrital 
and epilimnetic energy pathways is less important for 
understanding the potential impacts of a quagga invasion on 
zooplankton and mid-trophic level fishes than resolving differences 
among pelagic resource pools, given quagga mussels will primarily 
impact the spring bloom and DCL (Vanderploeg et  al., 2010; 
Pothoven and Fahnenstiel, 2013). However, we do need to resolve 
the importance of benthic and pelagic/epilimnetic pathways to 
determine the potential impact of quagga mussels on Mysis, whose 
diet includes both detritus and benthic invertebrates. The 
preliminary data on hydrogen stable isotopes of fatty acids provided 
more precise insight by indicating where certain essential nutrients 
(DHA, EPA) were derived, but the sample size was exploratory. 
Finally, the contributions of littoral production to the pelagic food 
web are unknown, but likely important. Dreissenids shunt 
production away from offshore areas to littoral zones; therefore, 
organisms that move laterally between habitats could potentially 
access littoral energy subsidies if sufficient food is no longer present 
in offshore pelagic zones. To fully resolve benthic, epilimnetic, and 
littoral energy sources in Lake Champlain, we need a three-isotope 
mixing model; sulfur would likely be a useful third isotope to use 
in future studies (e.g., Croisetière et al., 2009).

An inverse pattern in δ15N of epilimnetic phytoplankton and 
detritus was observed from May to November. Early in the season, 
phytoplankton was less enriched in δ15N relative to detritus, and 
gradually increased by +2‰ across the sampling period 
(Supplementary Figure 4). Detritus exhibited the opposite pattern 
– more enriched at the beginning of the season and depleted by 
−2‰ over the course of the sampling period. The time sequence 
of phytoplankton production, senescence, and sinking, and the 
inverse pattern in δ15N of epilimnetic phytoplankton and detritus 
from spring to autumn supports the hypothesis that detritus in 
Lake Champlain primarily comprises epilimnetic phytoplankton. 
Moreover, this pattern in phytoplankton δ15N suggests that after 
the early season pool of nutrients is depleted, nitrogen 
remineralization in the water column commences and 
phytoplankton δ15N becomes enriched (Möbius, 2013). This 
hypothesis explains the lack of resolution between epilimnetic 
phytoplankton and detritus in the mixing models. We used the 
δ15N and δ13C averages of all seasons in the models, which 
removed the monthly differences of the isotopic values. In the 
future, sampling phytoplankton and detritus 2 months before the 
initial fish sampling will help resolve differences in isotopic 
turnover between producers and consumers (Vander Zanden and 
Rasmussen, 2001; Lanari et al., 2021; Possamai et al., 2021) and 
provide the opportunity to apply the MixSIAR models using early 
and late season averages to better resolve pathways (as we did with 
Mysis and zooplankton models).
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5. Conclusion

We used carbon and nitrogen stable isotopes and diet data to 
address how a biological invasion may disrupt ecosystem processes 
and linkages. By recognizing important trophic links in the ecosystem 
and retrieving the impacts of invasions in similar systems, we can 
predict the potential effects of a biological invasion in the system of 
our interest. Describing Lake Champlain’s food web structure and 
quantifying energy flow is important to elucidate the relative 
importance of bottom-up and top-down processes and the risk a 
quagga mussel invasion poses to the forage food web. While the 
impacts of quagga mussels on a system will be context-dependent, 
the ability of quagga mussels to sequester nutrients and productivity 
and consequently reduce the biomass of the spring bloom and DCL 
does not lead to a positive outlook for the Main Lake food web. To 
add complexity, a number of other species are expected to invade in 
the near future, adding further uncertainty to the stability of the food 
web. For example, another potential invader, round goby (Neogobius 
melanostomus; George et al., 2021), can forage on quagga mussels 
(Walsh et al., 2007), but their ability to sufficiently control quagga 
populations to mitigate the impacts on planktonic basal resources 
will depend on the timing and success of each invasion. Future work 
is needed to (1) better elucidate the relative importance of pelagic and 
benthic energy pathways with a third isotope, (2) determine whether 
Mysis will be able to shift and survive on a more benthic diet, and (3) 
determine whether lateral resource movement from the littoral zone 
could subsidize the pelagic food web after a quagga mussel invasion. 
However, our models provide fairly strong evidence that the 
mid-trophic food web in the Main Lake of Lake Champlain is at risk 
if quagga mussels invade, due to a combination of bottom-up and 
top-down pressures. The importance of the Main Lake as forage 
habitat relative to the Northeast Arm during the open-water season 
means some of the most important basal energy resources could 
be  lost after invasion. This research can inform managers about 
which courses of action (e.g., reduce lake trout stocking) may best 
reduce the socio-ecological impacts of an invasion. Moreover, 
we demonstrate how simple stable isotope techniques can provide 
insights into the consequences of biological invasion, and thus 
replicated in other systems to address similar problems and predict 
how invasive species affect bottom-up and top-down effects.
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