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Abstract: Invasive species require management to mitigate their harmful effects on native biodiversity and ecosys-
tem processes. However, such management can also have negative, unintended consequences on non-target taxa, 
ecosystem processes, and food web dynamics. In Yellowstone Lake, invasive lake trout (Salvelinus namaycush) 
have caused a decline in the native Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) population. To 
suppress the invader, lake trout carcasses are deposited on the species’ spawning sites, causing embryo mortality 
by reducing dissolved oxygen as they decay. The non-target effects of carcass deposition are unknown, but benthic 
invertebrates may be sensitive to reductions in dissolved oxygen. Benthic invertebrate taxa have varying hypoxia 
tolerances; caddisflies of the family Limnephilidae are hypoxia sensitive whereas the amphipods Gammarus la-
custris and Hyalella azteca are hypoxia tolerant. Both taxa are widespread and abundant in Yellowstone Lake and 
comprise a large proportion of fish diets, and changes in their abundances could therefore alter food web dynamics. 
We conducted an in situ experiment to determine if carcass deposition causes mortality in these two benthic inver-
tebrate taxa. The probability of mortality for caddisflies was 3.15 times higher in carcass treatments compared to 
controls, while amphipod mortality did not change in response to carcass treatment. Amphipods, which contribute 
most significantly to fish diets, are unlikely to be reduced in response to carcass deposition, which is confined to a 
small fraction of the lake where lake trout spawn, limiting the possibility for lake-wide effects. We conclude that 
carcass deposition is unlikely to alter the availability of invertebrates as a food source for fish in Yellowstone Lake.

Keywords: Amphipoda; anoxic; caddisfly; fish carcass; hypoxic; invasive species management; non-target taxa; 
Trichoptera

Introduction

Invasive species threaten native biodiversity and eco-
system processes on a global scale (Sala et al. 2000; 
Clavero & García-Berthou 2005). As the frequency 

and severity of biological invasions increases, the 
management and removal of invasive species is be-
coming increasingly important (Simberloff et al. 
2013). However, invasive species management can 
cause unintended, negative ecological effects (Za-
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valeta et al. 2001) including mortality of native spe-
cies as a byproduct of the invasive species removal 
method (Eason et al. 2002); trophic cascades caused 
by the removal of an invasive predator (Bergstrom et 
al. 2009); and opportunities for secondary invasions 
(Skurski et al. 2013). Thus, it is important to consider 
non-target effects in the design and implementation of 
invasive species management actions taken to support 
biodiversity and ecosystem function.

In Yellowstone Lake, Wyoming, an intensive man-
agement program has been established to combat the 
effects of lake trout (Salvelinus namaycush), an inva-
sive predatory fish that has altered the ecosystem and 
its aquatic and terrestrial species (Koel et al. 2019). 
By preying on native Yellowstone cutthroat trout 
(Oncorhynchus clarkii bouvieri), lake trout have dra-
matically reduced native trout abundance (Koel et al. 
2019), thereby reducing the availability of an impor-
tant prey item for native aquatic and terrestrial preda-
tors. The reduction in cutthroat trout has also caused 
a trophic cascade in Yellowstone Lake, altering the 
biomass of lower trophic levels including zooplankton 
and phytoplankton (Tronstad et al. 2010). To mitigate 
the pervasive influence of lake trout invasion on this 
iconic ecosystem and to promote the recovery of Yel-
lowstone cutthroat trout, the National Park Service 
(NPS) removes adult lake trout by gillnetting (Koel 
et al. 2020a) and is exploring other control methods 
(Doepke et al. 2017). For example, the NPS deposits 
carcasses from gillnetting onto lake trout spawning 
sites over a period of weeks during the autumn spawn-
ing season (late September to early October) to induce 
embryo mortality (Thomas et al. 2019; Poole et al. 
2020). Carcass deposition at densities of ≥ 7 kg  m– 2 
reduces dissolved oxygen (DO) to hypoxic concentra-
tions for a period of several days, leading to embryo 
suffocation (Thomas et al. 2019; Poole et al. 2020).

Carcasses are deposited at lake trout spawning 
sites, characterized by cobble substrates, in the littoral 
zone of Yellowstone Lake (Bigelow 2009; Koel et al. 
2020b; Williams 2019), where other organisms may 
also respond to their application. In particular, benthic 
invertebrates inhabit the littoral zone and comprise a 
large proportion of the diets of both native Yellow-
stone cutthroat trout and invasive lake trout (Syslo et 
al. 2016). Benthic invertebrates have taxon-specific 
oxygen requirements, and many are sensitive to low 
DO concentrations (Nebeker 1972). In river ecosys-
tems, fish carcasses can reduce oxygen concentrations 
and alter benthic invertebrate populations (Chaloner 
& Wipfli 2002; Holtgrieve & Schindler 2011; Fellman 
et al. 2019), but their effects in lake ecosystems are 

largely unknown. Potential responses of invertebrates 
to carcass-induced low-oxygen conditions include 
mortality, reduced growth, delays or absence of insect 
emergence, and reduced reproduction (Nebeker et al. 
1992; Connolly et al. 2004). It is important to under-
stand benthic invertebrate responses to carcass depo-
sition, because changes to their populations may alter 
food web dynamics and ecosystem function. 

We conducted an in situ experiment in Yellowstone 
Lake to determine if carcass deposition causes mortal-
ity in two benthic invertebrate taxa: amphipods (Gam-
marus lacustris and Hyalella azteca) and caddisflies 
(family Limnephilidae). We selected these two am-
phipods because they dominate benthic invertebrate 
biomass in Yellowstone Lake (Wilmot et al. 2016) and 
make a substantial contribution to trout diets (Syslo 
et al. 2016). Benthic amphipods are moderately toler-
ant of hypoxia (Nebeker et al. 1992) and we thus com-
pared their responses with a caddisfly family which is 
also common in Yellowstone Lake but more sensitive 
to hypoxia (Nebeker et al. 1996; Wilmot et al. 2016). 
Our objectives were to examine the effects of carcass 
deposition on (1) DO concentrations on the lake bed, 
and (2) mortality in invertebrate taxa with different 
oxygen requirements. We predicted that carcasses 
would reduce DO concentrations, increasing mortal-
ity in both invertebrate taxa, but that mortality would 
be higher in caddisfly larvae compared to amphipods 
due to higher oxygen requirements. Understanding the 
potential non-target effects of carcass deposition as a 
suppression method for invasive fish will inform fu-
ture management actions that support biodiversity in 
functional lake ecosystems.

Methods

Study area

Yellowstone Lake is located in Yellowstone National Park in 
northwestern Wyoming at an elevation of 2,357 m (Fig. 1A). 
With a surface area of 340 km2, it is the largest high-elevation 
lake (above 2,000 m) in North America. It has complex bathym-
etry, with a mean depth of 43 m, a maximum depth of 148 m, 
and geothermal features distributed throughout the northern 
and western portions (Kaplinski 1991). Yellowstone Lake is a 
mesotrophic, dimictic lake which is thermally stratified in the 
summer (Kilham et al. 1996) and usually ice-covered from late 
December to mid-May (Koel et al. 2020a). Mixing events occur 
in mid-May, after the ice thaws, and in late September, when 
thermal stratification ends (Koel et al. 2020a). DO concentra-
tions measured at the substrate surface in the littoral zone us-
ing miniDOT loggers in 2018 and 2019 ranged from 8.0 –10.0 
mg l–1, and water temperatures typically range from 5.0 – 9.0 °C 
in early summer and from 8.0 –10.0 °C in the autumn during the 
lake trout spawning season (Koel et al. 2020a).
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Experimental design and data collection

The experiment was conducted at the Flat Mountain Mid lake 
trout spawning site located in the southwestern portion of Yel-
lowstone Lake (Fig. 1A) from June 10 – 27, 2019. The site is char-
acterized by cobble substrates and varies in depth from 0 to 5 m. 
Scuba divers anchored polypropylene rope to the substrate to 
delineate six 1.5 m × 1.5 m experimental plots at 2 m intervals in 
a line parallel to the shore at approximately 2 m depth (Fig. 1B).

Invertebrates were collected on the day the experiment was 
initiated (day 0). To collect H. azteca and G. lacustris amphi-
pods, we deployed three emergent fry traps at the site two days 
before day 0. The traps are constructed of steel mesh cones (73-
cm diameter) that rest on the substrate surface (Simard 2017). 
Amphipods are collected in a 1 l bottle containing an inverted 
funnel mounted on top of each trap. Caddisflies (family Lim-
nephilidae) were collected by wading from the northern shore 
of Yellowstone Lake and removing large-bodied individuals 
from the substrate by hand. Collected invertebrates were trans-
ported to the site in buckets of lake water at ambient tempera-
ture and oxygenated with aerators.

Each invertebrate was placed into an individual chamber 
constructed from PVC pipe (length 7.6 cm, diameter 3.8 cm) 
with 500-µm mesh covering both ends. The mesh allowed wa-
ter and dissolved and fine particulate matter to passively move 
through the chambers. Food was not placed in the chambers to 
reduce the possibility of fungal and/or bacterial contamination. 
Preliminary tests showed that both taxa, collected using these 

methods, survived for > 3 weeks confined in chambers without 
food. We tied chambers together in groups of six, with three 
containing one amphipod and three containing one caddisfly. 
Grouping chambers allowed removal of individual chamber 
groups on different dates without disturbing other chambers. 
Six chamber groups were randomly placed on the substrate in 
each experimental plot by divers, resulting in each plot con-
taining 18 amphipods and 18 caddisflies (Fig. 1C, Fig. 2A). The 
ropes used to gather each group were connected to a surface 
buoy to facilitate retrieval. We placed one calibrated miniDOT 
logger (Precision Measurement Engineering, California, USA) 
on the substrate surface in each plot to measure DO concentra-
tions (mg l–1) and temperature (°C) at 15-min intervals through-
out the experiment.

We obtained lake trout carcasses from NPS gillnetting 
crews and shredded the carcasses using a fish grinder (Poole et 
al. 2020). To establish the experimental treatments, we applied 
~60 kg of carcass material to each treatment plot (26.7 kg m– 2) 
by dumping the material off the side of a boat. This carcass 
application rate has been shown to reduce DO concentrations 
and cause embryo mortality (Poole et al. 2020). Carcass mate-
rial was placed on the three easternmost plots to minimize the 
drift of material from treatment plots onto control plots. The 
day after carcass material was deposited (day 1), divers ensured 
it covered all chambers and loggers in treatment plots and that 
there was no carcass material in control plots.
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Fig. 1. (A) The location of the experiment site, Flat Mountain Mid (44.3721, -110.3993), within Yellowstone Lake, Wyoming and the 
location of Yellowstone Lake in North America; (B) the arrangement of experimental plots at the site; and (C) the arrangement of 
chambers containing amphipods and caddisflies and the dissolved oxygen logger within each plot. B and C are not shown to scale.
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The experiment lasted for 17 days, a period over which DO 
concentrations would be reduced and return to ambient lev-
els (Thomas et al. 2019; Poole et al. 2020). On days 3, 5, 7, 10, 
14, and 17 of the experiment, one randomly selected group of 
chambers (three containing an amphipod and three containing 
a caddisfly) was removed from the plot using a boat hook. We 
immediately determined if the invertebrates in these chambers 
were alive or dead by visual inspection and did not return the 
invertebrates to the plots.

Variation in dissolved oxygen response to 
carcass treatment

We further investigated how DO concentrations responded to 
carcass treatment by measuring DO concentrations (mg l–1) and 
temperature (°C) in multiple locations within a single plot at 
15-minute intervals for 17 days, from July 24 to August 10, 2019. 
We established one carcass treatment plot as described for the 
experimental site, with six miniDOT loggers spaced out evenly 
on the substrate surface. These measurements characterized 

patterns in DO concentrations at a fine spatial scale, providing 
additional context for the concentrations observed during the 
experiment.

Data analysis

We calculated the mean, median, minimum, and mean daily 
range of DO concentrations recorded in each plot, and used a 
two-sided t-test to compare the minimum concentrations re-
corded in treatment and control plots. We used generalized lin-
ear mixed-effect models (GLMMs) with a binomial distribution 
to estimate the effects of carcass treatment on amphipod and 
caddisfly mortality. We included carcass treatment, a two-level 
categorical variable, as an explanatory variable in the model but 
did not include DO concentrations because these variables are 
not independent from carcass treatment. Our models included 
day of experiment, treatment, and invertebrate taxa as explana-
tory variables and chamber group nested within plot as random 
effects. We constructed nine models including all combinations 
of interactions between our three explanatory variables, each 
of which could plausibly be related to invertebrate mortality. 
Model assumptions were tested and met. We used Akaike’s In-
formation Criterion corrected for small sample sizes (AICc) for 
model selection. Out of the models with ΔAICc < 2, we selected 
the most parsimonious model as our final model. We used the 
output from the final model to estimate the probability of mor-
tality for amphipods and caddisflies in treatment and control 
plots on each day of the experiment. All analyses were con-
ducted in R version 3.6.2 (R Core Development Team 2019) 
and GLMMs were fitted using the lme4 package (Bates et al. 
2015).

Results

Carcass treatment reduced DO concentrations, but 
reductions were inconsistent across treatment plots. 
Minimum DO concentrations were lower and more 
variable in carcass treatments compared to controls, 
(t = 13.41, df = 2.48, p = 0.002; Table 1, Fig. 3). Two 
carcass treatment plots had both mean and median DO 
concentrations > 8.5 mg l–1, and only one consistently 
had DO concentrations < 3.4 mg  l–1. Mean tempera-
ture during the experiment was 6.6 °C. In the single 
oxygen measurement plot, DO concentrations were 
also highly variable (Table 2, Fig. 4). Five of six log-
gers recorded mean DO concentrations < 3.4 mg  l–1. 
The time required for DO concentrations to decline to 
< 3.4 mg  l–1 within the plot varied from 1 to 9 days. 
Mean temperature in the plot was 14.9 °C.

Invertebrates responded to carcass treatment, but 
the response magnitude differed between taxa. The 
final model using carcass treatment to predict mortal-
ity included day of experiment, treatment, invertebrate 
taxa, and an interaction term between treatment and 
taxa as explanatory variables (conditional R2 = 0.269, 
marginal R2 = 0.252; Table 3). There was a positive 
relationship between day of experiment and mortality 

A

B

Fig. 2. (A) A control plot, with 36 chambers containing inverte-
brates and one dissolved oxygen logger; (B) a carcass treatment 
plot, with chambers and logger covered in carcass material.
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for both invertebrate taxa in both control and treatment 
plots, (p = 0.0014; Fig. 5). An interaction between taxa 
and treatment (p = 0.0046) indicated that amphipods 
and caddisflies responded differently to carcass treat-
ment. Amphipod mortality did not differ between the 
control and carcass treatments. On the final day of the 
17-day experiment, the predicted probability of mor-
tality for an individual amphipod in the carcass and 
control treatments was 0.56 (95 % CI 0.35 – 0.75) and 
0.40 (95 % CI 0.22 – 0.61), respectively (Fig. 6A). Cad-
disflies in the carcass treatment experienced higher 
mortality than those in the control treatments on day 
3 (Fig. 5B), and their mortality remained higher in 
treatment plots throughout the experiment. On the fi-
nal day of the experiment, the probability of mortality 
for an individual caddisfly in the carcass and control 
treatments was 0.82 (95 % CI 0.65 – 0.92) and 0.26 
(0.13 – 0.47), respectively (Fig. 6B).

Discussion

Management actions to control invasive species can 
influence non-target taxa and ecosystem functioning. 
Lake trout carcass deposition is used to suppress in-
vasive lake trout embryos in Yellowstone Lake. To 
evaluate potential non-target consequences of this 
management action, we investigated the effects of car-
cass deposition on dissolved oxygen concentrations 
and benthic invertebrate mortality in a 17-day in situ 
experiment. Our results indicate that carcass deposi-
tion can reduce DO concentrations, but these reduc-
tions vary at small spatial scales. We found evidence 
that carcass deposition increases mortality in caddis-
flies but not amphipods, which dominate benthic in-
vertebrate communities in Yellowstone Lake and are 
an important food source for fish.

Dissolved oxygen response to carcass 
deposition

The physical characteristics of our study site likely 
contributed to the spatially variable response of DO 
concentrations to carcass treatment. Water tempera-
ture, sunlight, biological oxygen demand, and wind 
are tightly coupled with DO concentrations in lakes 
(Hanson et al. 2006; Langman et al. 2010). Water tem-
peratures recorded during our experiment were lower 
than is typical during the autumn lake trout spawning 
season, which may have contributed to higher DO 
concentrations than recorded in previous carcass dep-
osition studies (Thomas et al. 2019; Poole et al. 2020). 
Our study was conducted at a confirmed lake trout 
spawning site, characterized by cobble-dominated 
substrates with large interstitial spaces. Due to the shal-
low depth of the site, wave action could induce water 
flow (Barton 1981) and move well-oxygenated water 
across the substrate surface and into interstitial spaces, 
even in areas with carcass material present. Higher 
flow velocities and larger interstitial spaces increase 
the availability of oxygen to developing salmonid em-

Table 1. Minimum, median, mean, standard error of the mean (SE), coefficient of variation, and mean daily range for dissolved 
oxygen concentrations recorded in each plot over the 17-day experimental period.

Plot 
number

Plot treatment Minimum 
(mg l–1)

Median 
(mg l–1)

Mean  
(mg l–1)

SE Coefficient of 
variation

Mean daily range 
(mg l–1)

1 Control 7.82 9.62 9.36 0.007 0.029 1.06
2 Control 8.42 9.57 9.59 0.006 0.025 0.86
3 Control 8.17 9.79 9.77 0.006 0.026 0.93
4 Treatment 1.60 9.24 8.82 0.030 0.14 3.65
5 Treatment 1.49 9.31 9.32 0.021 0.093 2.53
6 Treatment 0.05 0.08 1.11 0.060 2.17 2.77
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Fig. 3. Mean dissolved oxygen concentrations for control and 
treatment plots during the 17-day experiment. The gray shaded 
areas indicate the standard error.



 290 M. A. Briggs et al.

bryos in streams (Greig et al. 2007) and lake trout se-
lect spawning sites with large interstitial spaces and 
adequate wave action to provide oxygenated water to, 
and remove fine sediment from, developing embryos 
(Marsden et al. 1995; Bigelow 2009). Although depos-
iting carcass material can increase biological oxygen 
demand and dramatically reduce DO concentrations 
at spawning sites (Thomas et al. 2019), the physical 
characteristics of our study site likely allowed some 
oxygenated water to access the substrate surface.

Invertebrate response to carcass deposition

Caddisflies experienced higher mortality in response 
to carcasses within three days of treatment, and their 
mortality remained higher than for amphipods exposed 
to carcass treatment throughout the experiment. Cad-
disflies of the family Limnephilidae have been shown 
to experience 50 % mortality at DO concentrations of 
2.0 mg l–1 in four-day exposures, and 30 % mortality 
when exposed to DO concentrations of 8.1 mg l–1 for 
21 days (Nebeker et al. 1996). These previous results 

Table 2. Minimum, median, mean, standard error of the mean (SE), coefficient of variation, and mean daily range for dissolved 
oxygen concentrations recorded by each logger in the oxygen measurement plot over the 17-day measurement period.

Logger 
number

Minimum 
(mg l–1)

Median  
(mg l–1)

Mean 
(mg l–1)

SE Coefficient of 
variation

Mean dailyrange 
(mg l–1)

1 0.06 0.07 0.72 0.040 2.31 2.67
2 0.05 0.14 0.59 0.044 3.14 1.21
3 0.05 0.08 1.01 0.057 2.34 1.65
4 0.06 7.24 6.22 0.079 0.53 6.88
5 0.05 0.08 0.67 0.044 2.74 2.17
6 0.05 0.06 1.91 0.073 1.58 2.18
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Fig. 4. Dissolved oxygen concentrations for the six loggers in the oxygen measurement plot over 17 days and their arrangement 
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Table 3. Nine candidate models presented with AICc scores and ΔAICc scores.

Model Number of 
parameters

AICc ΔAICc

Invertebrate × treatment + day   7 239.62 0
Invertebrate × treatment + treatment × day   8 240.62 1.00
Invertebrate × treatment + invertebrate × day   8 241.56 1.95
Invertebrate × treatment + invertebrate × day + day × treatment   9 242.63 3.01
Invertebrate × treatment × day 10 243.65 4.04
Invertebrate + treatment + day   6 245.84 6.23
Day × treatment + invertebrate   7 247.08 7.46
Invertebrate × day + treatment   7 247.96 8.34
Day × treatment + invertebrate × day   8 249.23 9.62
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Fig. 5. Mean ± standard error (SE) % mortality of (A) amphi-
pods and (B) caddisflies during the 17-day experiment. For 
points without error bars, SE = 0, i.e. % mortality was the same 
in all plots.
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indicate that caddisfly larvae experience mortality dur-
ing both short periods of very low DO concentrations 
and longer periods of slightly reduced DO concentra-
tions, which both occurred in our carcass treatments. 
The Limnephilidae are a large and diverse family with 
varying oxygen tolerances, and within-family varia-
tion may have influenced our results if responses to 
carcass treatment varied among multiple genera or 
species (Bonada et al. 2004).

In contrast to caddisfly larvae, amphipods did not 
experience increased mortality in our carcass treat-
ments. There are conflicting estimates of hypoxia 
tolerances of Gammarus and Hyalella amphipods. 
Mortality of 50 % can occur in these genera at DO 
concentrations between 1.0 – 2.0 mg l–1 in 2 – 5 day ex-
posures (Hoback & Barnhart 1996; Irving et al. 2004); 
equally, up to 80 % of gammarid individuals may sur-
vive concentrations of < 1.0 mg l–1 for 7 days (Nebeker 
et al. 1992). This evidence that amphipods can tolerate 
prolonged exposure to hypoxia aligns with our results 
and indicates that reduced DO resulting from carcass 
deposition is unlikely to cause amphipod mortality.

Caddisflies experienced increased mortality but re-
ductions in DO concentrations were variable, which 
suggests that additional mechanisms may have con-
tributed to mortality of non-target taxa in response to 
carcass deposition. Carcass treatment may have in-
creased fungal and bacterial growth on chambers and 
the surrounding substrate (Yoder et al. 2006; Fenoglio 
et al 2010), reducing water quality and leading to in-
vertebrate mortality. The high density of carcass mate-
rial may have reduced food availability in our experi-
ment by limiting the flow of particulate material into 
chambers or reducing periphyton growth by blocking 
light (Qin et al. 2007). Additionally, carcass material 
may limit availability of preferred hard-surface sub-
strate for colonization by invertebrates (Mackay 1992). 
Recent experiments documenting the effectiveness of 
manufactured analog pellets intended to simulate fish 
carcass material and suppress lake trout embryos by 
reducing oxygen concentrations also showed unex-
pected results, suggesting the concurrent influence of 
other mechanisms (Koel et al. 2020b). Treatments of 
≤ 14 kg  m– 2 of carcass analog pellets did not reduce 
DO concentrations at the substrate surface but still re-
sulted in high mortality in lake trout embryos, which 
was attributed in part to elevated carbon dioxide con-
centrations and fungal growth resulting from decom-
posing organic material (Koel et al. 2020b). DO reduc-
tions within the substrate are possible when carcasses 
are placed on the substrate surface (Koel et al. 2020b), 
but the effects on invertebrates within the substrate are 
unknown.

Invertebrate movement and differential mobility 
among taxa might lead to variable responses to car-
cass treatment among taxa with different traits. Our 
experiment confined invertebrates within chambers, 
preventing them from moving away from carcass 
material and ensuring their continuous exposure to 
the environmental conditions caused by carcass treat-
ment. Amphipods are strong swimmers that move 
away from anoxic and hypoxic waters (Nebeker et 
al. 1992; Henry & Danielopol 1998) associated with 
dense carcass cover, reducing their susceptibility to 
mortality from carcass deposition in natural environ-
ments. Cased caddisflies, which experienced mortality 
in response to carcass treatment, are less mobile than 
amphipods (Poff et al. 2006), potentially increasing 
their susceptibility to mortality from carcasses. Many 
limnephilid caddisflies crawl slowly (< 1 m h–1), with 
some taxa moving < 3 m d–1 (Erman 1986; Poff et al. 
2006). This low mobility may limit their ability to 
move away from low DO conditions caused by carcass 
deposition at spawning sites (which range in size from 
0.5 – 2.0 ha; Koel et al. 2020b) before dying – which 
can occur within three days. Immobile taxa that re-
main buried beneath carcass material would be highly 
affected by carcass treatment, but further research is 
required to characterize the responses of such taxa.

Beyond mortality, benthic invertebrates may show 
additional responses to carcass deposition at individ-
ual, population, and community levels. At the individ-
ual level, hypoxia can cause other negative, sub-lethal 
physiological responses, such as reductions in growth 
and reproduction (Nebeker 1972; Winter et al. 1996; 
Connolly et al. 2004). Carcass deposition could reduce 
food resources for some taxa, while others may benefit 
from carcass material by consuming it. When carcass 
deposition covers entire lake trout spawning sites, 
population and community responses could become 
evident. At the population level, insect taxa may ex-
perience changes in abundance, biomass, and timing 
or magnitude of emergence. At the community level, 
varying taxon-specific responses may alter structure 
and diversity. Salmon carcasses in streams can alter 
invertebrate community structure by differentially in-
creasing abundances and growth rates of different taxa 
(Chaloner & Wipfli 2002; Janetski et al. 2009), but ef-
fects vary depending on carcass density and duration 
of application (Benjamin et al. 2020). It is unknown 
how the high-density, short-term carcass treatments 
required to induce mortality of invasive fish embryos 
will affect community structure or taxa not studied 
in this experiment. Better characterization of popula-
tion and community responses to carcass deposition 
at entire spawning sites could inform implementation 
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of lake trout embryo suppression programs and sup-
port effective management of their ecological conse-
quences.

Conclusions and management implications

Understanding potential non-target effects is vital for 
managers implementing invasive species control pro-
grams. Our results suggest that carcass deposition to 
induce lake trout embryo mortality is unlikely to al-
ter lake-scale food availability for native trout in Yel-
lowstone Lake, because this management action only 
occurs at lake trout spawning sites, which comprise 
0.03 % of its total surface area (Koel et al. 2020b) and 
0.12 % of the surface area above waters < 30 m deep 
(Bigelow 2009). Although carcass deposition could 
cause localized reductions in hypoxia-sensitive, slow-
moving taxa such as caddisflies, it is unlikely to alter 
amphipod populations, which are the most abundant 
benthic invertebrates in Yellowstone Lake (Wilmot 
et al. 2016) and contribute most notably to fish diets 
(Syslo et al. 2016). Thus, the availability of amphipods 
as prey for native fish such as the Yellowstone cut-
throat trout is unlikely to be reduced by carcass depo-
sition. Abundant amphipods also play key ecological 
roles by processing organic matter and transferring en-
ergy between trophic levels (Wallace & Webster 1996; 
Covich et al. 1999), so reductions in their populations 
could alter ecosystem functioning. Carcass deposition 
can suppress lake trout embryos without reducing the 
abundance of dominant benthic invertebrates and this 
management strategy is thus unlikely to compromise 
lake-wide ecosystem function.

Acknowledgements

We thank Jeff Kasowski, Samantha Poratti, Drew MacDon-
ald, Phil Doepke, Pat Bigelow, and Marc Blouin for helping 
with field work and providing logistical support. Rachel Ul-
rich, Brynn Okeson, and Mark Greenwood of the Statistical 
Consulting and Research Services at Montana State University 
provided assistance with statistical analysis, and Allison Klein 
Throop provided assistance creating figures. We thank Benja-
min Tumolo for comments on previous versions of this manu-
script, and we thank three anonymous reviewers whose com-
ments greatly improved this manuscript. This work was funded 
by Yellowstone Forever grant G-022 and the U.S. National Park 
Service, Yellowstone National Park (P17AC01089). Any use of 
trade, firm, or product names is for descriptive purposes only 
and does not imply endorsement by the U.S. Government.

Authors’ contributions

All authors contributed to conceptualization and experimental 
design; MAB and DRL conducted the field work; MAB ana-
lyzed data; MAB and LKA wrote the original draft of the manu-
script; all authors contributed to later versions of this manu-
script.

References

Barton, D. R. (1981). Effects of hydrodynamics on the distribu-
tion of lake benthos. In M. A. Lock & D. D. Williams (Eds.), 
Perspectives in running water ecology (pp. 251– 263). Bos-
ton, MA: Springer; https://doi.org/10.1007/978-1-4684-1122-
5_11

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. (2015). 
Fitting linear mixed-effects models using lme4. Journal of 
Statistical Software, 67(1), 1– 48. https://doi.org/10.18637/jss.
v067.i01

Benjamin, J. R., Bellmore, J. R., Whitney, E., & Dunham, J. B. 
(2020). Can nutrient additions facilitate recovery of Pa-
cific salmon? Canadian Journal of Fisheries and Aquatic 
Sciences, 77(10), 1601–1611. https://doi.org/10.1139/cj-
fas-2019-0438

Bergstrom, D. M., Lucieer, A., Kiefer, K., Wasley, J., Belbin, 
L., Pedersen, T. K., & Chown, S. L. (2009). Indirect effects 
of invasive species removal devastate World Heritage Is-
land. Journal of Applied Ecology, 46(1), 73 – 81. https://doi.
org/10.1111/j.1365–2664.2008.01601.x

Bigelow, P. E. (2009): Predicting areas of lake trout spawning 
habitat within Yellowstone Lake, Wyoming. Ph.D. thesis. 
Laramie, WY: University of Wyoming.

Bonada, N., Zamora-Muñoz, C., Rieradevall, M., & Prat, N. 
(2004). Ecological profiles of caddisfly larvae in Mediter-
ranean streams: Implications for bioassessment methods. 
Environmental Pollution, 132(3), 509 – 521. https://doi.
org/10.1016/j.envpol.2004.05.006 PMID:15325467

Chaloner, D. T., & Wipfli, M. S. (2002). Influence of decom-
posing Pacific salmon carcasses on macroinvertebrate 
growth and standing stock in southeastern Alaska streams. 
Journal of the North American Benthological Society, 21(3), 
430 – 442. https://doi.org/10.2307/1468480

Clavero, M., & García-Berthou, E. (2005). Invasive spe-
cies are a leading cause of animal extinctions. Trends in 
Ecology & Evolution, 20(3), 110. https://doi.org/10.1016/j.
tree.2005.01.003 PMID:16701353

Connolly, N. M., Crossland, M. R., & Pearson, R. G. (2004). 
Effect of low dissolved oxygen on survival, emergence, 
and drift of tropical stream macroinvertebrates. Journal of 
the North American Benthological Society, 23(2), 251– 270. 
https://doi.org/10.1899/0887–3593(2004)0232.0.CO;2

Covich, A. P., Palmer, M. A., & Crowl, T. A. (1999). The role of 
benthic invertebrate species in freshwater ecosystems. Bio-
science, 49(2), 119 –127. https://doi.org/10.2307/1313537

Doepke, P. D., Koel, T. M., Guy, C. S., Poole, A. S., Thomas, 
N. A., & Zale, A. V. (2017). Lake trout suppression alterna-
tives to gillnetting. Yellowstone Science, 25(1), 70 –73.

Eason, C. T., Murphy, E. C., Wright, G. R. G., & Spurr, E. B. 
(2002). Assessment of risks of brodifacoum to non-target birds 
and mammals in New Zealand. Ecotoxicology (London, Eng-
land), 11(1), 35 – 48. https://doi.org/10.1023/A:1013793029831 
PMID:11898799

Erman, N. A. (1986). Movements of self-marked caddisfly lar-
vae, Chyrnda centralis (Trichoptera: Limnephilidae), in a Si-
erran spring stream, California, U.S.A. Freshwater Biology, 
16(4), 455 – 464. https://doi.org/10.1111/j.1365–2427.1986.
tb00988.x

Fellman, J. B., Hood, E., Nagorski, S., Hudson, J., & Pyare, 
S. (2019). Interactive physical and biotic factors control 
dissolved oxygen in salmon spawning streams in coastal 
Alaska. Aquatic Sciences, 81(1), 2. https://doi.org/10.1007/
s00027-018-0597-9

https://doi.org/10.1007/978-1-4684-1122-5_11
https://doi.org/10.1007/978-1-4684-1122-5_11
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1139/cjfas-2019-0438
https://doi.org/10.1139/cjfas-2019-0438
https://doi.org/10.1111/j.1365-2664.2008.01601.x
https://doi.org/10.1111/j.1365-2664.2008.01601.x
https://doi.org/10.1016/j.envpol.2004.05.006
https://doi.org/10.1016/j.envpol.2004.05.006
https://www.ncbi.nlm.nih.gov/pubmed/15325467
https://doi.org/10.2307/1468480
https://doi.org/10.1016/j.tree.2005.01.003
https://doi.org/10.1016/j.tree.2005.01.003
https://www.ncbi.nlm.nih.gov/pubmed/16701353
https://doi.org/10.1899/0887-3593(2004)023<0251:EOLDOO>2.0.CO;2
https://doi.org/10.2307/1313537
https://doi.org/10.1023/A:1013793029831
https://www.ncbi.nlm.nih.gov/pubmed/11898799
https://doi.org/10.1111/j.1365-2427.1986.tb00988.x
https://doi.org/10.1111/j.1365-2427.1986.tb00988.x
https://doi.org/10.1007/s00027-018-0597-9
https://doi.org/10.1007/s00027-018-0597-9


 294 M. A. Briggs et al.

Fenoglio, S., Bo, T., Cammarata, M., Malacarne, G., & Del 
Frate, G. (2010). Contribution of macro- and micro-con-
sumers to the decomposition of fish carcasses in low-order 
streams: An experimental study. Hydrobiologia, 637(1), 
219 – 228. https://doi.org/10.1007/s10750-009-9998-z

Greig, S. M., Sear, D. A., & Carling, P. A. (2007). A review of 
factors influencing the availability of dissolved oxygen to in-
cubating salmonid embryos. Hydrological Processes, 21(3), 
323 – 334. https://doi.org/10.1002/hyp. 6188

Hanson, P. C., Carpenter, S. R., Armstrong, D. E., Stanley, E. H., 
& Kratz, T. K. (2006). Lake dissolved inorganic carbon 
and dissolved oxygen: Changing drivers from days to dec-
ades. Ecological Monographs, 76(3), 343 – 363. https://doi.
org/10.1890/0012-9615(2006)076[0343:LDICAD]2.0.CO;2

Henry, K. S., & Danielopol, D. L. (1998). Oxygen dependent 
habitat selection in surface and hyporheic environments by 
Gammarus roeseli Gervais (Crustacea, Amphipoda): Experi-
mental evidence. Hydrobiologia, 390(1/3), 51– 60. https://doi.
org/10.1023/A:1003541300460

Hoback, W. W., & Barnhart, M. C. (1996). Lethal limits and sub-
lethal effects of hypoxia on the amphipod Gammarus pseu-
dolimnaeus. Journal of the North American Benthological 
Society, 15(1), 117–126. https://doi.org/10.2307/1467437

Holtgrieve, G. W., & Schindler, D. E. (2011). Marine-derived 
nutrients, bioturbation, and ecosystem metabolism: Re-
considering the role of salmon in streams. Ecology, 92(2), 
373 – 385. https://doi.org/10.1890/09-1694.1 PMID:21618917

Irving, E. C., Liber, K., & Culp, J. M. (2004). Lethal and suble-
thal effects of low dissolved oxygen condition on two aquatic 
invertebrates, Chironomus tentans and Hyalella azteca. En-
vironmental Toxicology and Chemistry, 23(6), 1561–1566. 
https://doi.org/10.1897/03-230 PMID:15376542

Janetski, D. J., Chaloner, D. T., Tiegs, S. D., & Lamberti, G. A. 
(2009). Pacific salmon effects on stream ecosystems: A quan-
titative synthesis. Oecologia, 159(3), 583 – 595. https://doi.
org/10.1007/s00442-008-1249-x PMID:19132408

Kaplinski, M. A. (1991). Geomorphology and geology of Yel-
lowstone Lake, Yellowstone National Park, Wyoming. M. Sc 
thesis. Flagstaff, AZ: Northern Arizona University.

Kilham, S. S., Theriot, E. C., & Fritz, S. C. (1996). Linking 
planktonic diatoms and climate change in the large lakes 
of the Yellowstone ecosystem using resource theory. Lim-
nology and Oceanography, 41(5), 1052 –1062. https://doi.
org/10.4319/lo.1996.41.5.1052

Koel, T. M., Arnold, J. L., Bigelow, P. E., Brenden, T. O., Da-
vis, J. D., Detjens, C. R., . . . Zale, A. V. (2020a). Yellow-
stone Lake ecosystem restoration: A case study for invasive 
fish management. Fishes, 5(2), 18. https://doi.org/10.3390/
fishes5020018

Koel, T. M., Thomas, N. A., Guy, C. S., Doepke, P. D., MacDon-
ald, D. J., Poole, A. P., . . . Zale, A. V. (2020b). Organic pel-
let decomposition induces mortality of lake trout embryos in 
Yellowstone Lake. Transactions of the American Fisheries 
Society, 149(1), 57–70. https://doi.org/10.1002/tafs.10208

Koel, T. M., Tronstad, L. M., Arnold, J. L., Gunther, K. A., Smith, 
D. W., Syslo, J. M., & White, P. J. (2019). Predatory fish inva-
sion induces within and across ecosystem effects in Yellow-
stone National Park. Science Advances, 5(3), eaav1139. Re-
trieved from https://doir.org/10.1126/sciadv.aav1139https://
doi.org/10.1126/sciadv.aav1139 PMID:30906863

Langman, O. C., Hanson, P. C., Carpenter, S. R., & Hu, Y. H. 
(2010). Control of dissolved oxygen in northern temperate 
lakes over scales ranging from minutes to days. Aquatic Biol-
ogy, 9(2), 193 – 202. https://doi.org/10.3354/ab00249

Mackay, R. J. (1992). Colonization by lotic macroinvertebrates: 
A review of processes and patterns. Canadian Journal of 
Fisheries and Aquatic Sciences, 49(3), 617– 628. https://doi.
org/10.1139/f92-071

Marsden, J. E., Casselman, J. M., Edsall, T. A., Elliott, R. F., 
Fitzsimons, J. D., Horns, W. H., . . . Swanson, B. L. (1995). 
Lake trout spawning habitat in the Great Lakes – a review of 
current knowledge. Journal of Great Lakes Research, 21(S1), 
487– 497. https://doi.org/10.1016/S0380-1330(95)71120-0

Nebeker, A. V. (1972). Effect of low oxygen concentration on 
survival and emergence of aquatic insects. Transactions of 
the American Fisheries Society, 101(4), 675 – 679. https://doi.
org/10.1577/1548-8659(1972)1012.0.CO;2

Nebeker, A. V., Onjukka, S. T., Stevens, D. G., & Chapman, 
G. A. (1996). Effect of low dissolved oxygen on aquatic life 
stages of the caddisfly Clistoronia magnifica (Limnephili-
dae). Archives of Environmental Contamination and Toxicol-
ogy, 31(4), 453 – 458. https://doi.org/10.1007/BF00212427 
PMID:8975816

Nebeker, A. V., Dominguez, S. E., Chapman, G. A., Onjukka, 
S. T., & Stevens, D. G. (1992). Effects of low dissolved oxy-
gen on survival, growth and reproduction of Daphnia, Hya-
lella, and Gammarus. Environmental Toxicology and Chem-
istry, 11(3), 373 – 379. https://doi.org/10.1002/etc.5620110311

Poff, N., Olden, J., Vieira, N., Finn, D., Simmons, M., & Kon-
dratieff, B. (2006). Functional trait niches of North Ameri-
can lotic insects: Traits-based ecological applications in 
light of phylogenetic relationships. Journal of the North 
American Benthological Society, 25(4), 730 –755. https://
doi.org/10.1899/0887-3593(2006)025[0730:FTNONA]2.0
.CO;2

Poole, A. S., Koel, T. M., Thomas, N. A., & Zale, A. V. (2020). 
Benthic suffocation of invasive lake trout embryos by fish 
carcasses and sedimentation in Yellowstone Lake. North 
American Journal of Fisheries Management, 40(5), 1077–
1086. https://doi.org/10.1002/nafm.10492

Qin, P., Mayer, C. M., Schulz, K. L., Ji, X., & Ritchie, M. E. 
(2007). Ecological stoichiometry in benthic food webs: Effect 
of light and nutrients on periphyton food quantity and quality 
in lakes. Limnology and Oceanography, 52(4), 1728 –1734. 
https://doi.org/10.4319/lo.2007.52.4.1728

R Core Development Team (2019). R: A language and envi-
ronment for statistical computing. Vienna: R Foundation for 
Statistical Computing. www.R-project.org/ (accessed 25 Oc-
tober 2020).

Sala, O. E., Chapin, F. S., III, Armesto, J. J., Berlow, E., 
Bloomfield, J., Dirzo, R., . . . Wall, D. H. (2000). Global 
biodiversity scenarios for the year 2100. Science, 287(5459), 
1770 –1774. https://doi.org/10.1126/science.287.5459.1770 
PMID:10710299

Simard, L. (2017). Spawning site selection and fry development 
of invasive lake trout in Yellowstone Lake, Yellowstone Na-
tional Park, Wyoming. M. Sc thesis. Burlington, VT: Univer-
sity of Vermont.

Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle, 
D. A., Aronson, J., . . . Vilà, M. (2013). Impacts of biological 
invasions: What’s what and the way forward. Trends in Ecol-
ogy & Evolution, 28(1), 58 – 66. https://doi.org/10.1016/j.
tree.2012.07.013 PMID:22889499

Skurski, T. C., Maxwell, B. D., & Rew, L. J. (2013). Ecologi-
cal tradeoffs in non-native plant management. Biological 
Conservation, 159, 292 – 302. https://doi.org/10.1016/j.bio-
con.2012.10.017

https://doi.org/10.1007/s10750-009-9998-z
https://doi.org/10.1002/hyp.6188
https://doi.org/10.1890/0012-9615(2006)076%5B0343:LDICAD%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2006)076%5B0343:LDICAD%5D2.0.CO;2
https://doi.org/10.1023/A:1003541300460
https://doi.org/10.1023/A:1003541300460
https://doi.org/10.2307/1467437
https://doi.org/10.1890/09-1694.1
https://www.ncbi.nlm.nih.gov/pubmed/21618917
https://doi.org/10.1897/03-230
https://www.ncbi.nlm.nih.gov/pubmed/15376542
https://doi.org/10.1007/s00442-008-1249-x
https://doi.org/10.1007/s00442-008-1249-x
https://www.ncbi.nlm.nih.gov/pubmed/19132408
https://doi.org/10.4319/lo.1996.41.5.1052
https://doi.org/10.4319/lo.1996.41.5.1052
https://doi.org/10.3390/fishes5020018
https://doi.org/10.3390/fishes5020018
https://doi.org/10.1002/tafs.10208
https://doir.org/10.1126/sciadv.aav1139
https://doi.org/10.1126/sciadv.aav1139
https://doi.org/10.1126/sciadv.aav1139
https://www.ncbi.nlm.nih.gov/pubmed/30906863
https://doi.org/10.3354/ab00249
https://doi.org/10.1139/f92-071
https://doi.org/10.1139/f92-071
https://doi.org/10.1016/S0380-1330(95)71120-0
https://doi.org/10.1577/1548-8659(1972)101<675:EOLOCO>2.0.CO;2
https://doi.org/10.1577/1548-8659(1972)101<675:EOLOCO>2.0.CO;2
https://doi.org/10.1007/BF00212427
https://www.ncbi.nlm.nih.gov/pubmed/8975816
https://doi.org/10.1002/etc.5620110311
https://doi.org/10.1899/0887-3593(2006)025%5B0730:FTNONA%5D2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)025%5B0730:FTNONA%5D2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)025%5B0730:FTNONA%5D2.0.CO;2
https://doi.org/10.1002/nafm.10492
https://doi.org/10.4319/lo.2007.52.4.1728
file:///S:/HYDRO/067_FAL_1352_Briggs/www.R-project.org/
https://doi.org/10.1126/science.287.5459.1770
https://www.ncbi.nlm.nih.gov/pubmed/10710299
https://doi.org/10.1016/j.tree.2012.07.013
https://doi.org/10.1016/j.tree.2012.07.013
https://www.ncbi.nlm.nih.gov/pubmed/22889499
https://doi.org/10.1016/j.biocon.2012.10.017
https://doi.org/10.1016/j.biocon.2012.10.017


295Carcass deposition to suppress invasive lake trout

Syslo, J. M., Guy, C. S., & Koel, T. M. (2016). Feeding ecology 
of native and nonnative salmonids during the expansion of a 
nonnative apex predator in Yellowstone Lake, Yellowstone 
National Park. Transactions of the American Fisheries So-
ciety, 145(3), 476 – 492. https://doi.org/10.1080/00028487.20
16.1143398

Thomas, N. A., Guy, C. S., Koel, T. M., & Zale, A. V. (2019). 
In-situ evaluation of benthic suffocation methods for sup-
pression of invasive lake trout embryos in Yellowstone Lake. 
North American Journal of Fisheries Management, 39(1), 
104 –111. https://doi.org/10.1002/nafm.10259

Tronstad, L. M., Hall, R. O., Jr., Koel, T. M., & Gerow, K. G. 
(2010). Introduced lake trout produced a four-level trophic 
cascade in Yellowstone Lake. Transactions of the Ameri-
can Fisheries Society, 139(5), 1536 –1550. https://doi.
org/10.1577/T09-151.1

Wallace, J. B., & Webster, J. R. (1996). The role of macroin-
vertebrates in stream ecosystem function. Annual Review of 
Entomology, 41(1), 115 –139. https://doi.org/10.1146/annurev.
en.41.010196.000555 PMID:15012327

Williams, J. R. (2019). Quantifying the spatial structure of in-
vasive lake trout in Yellowstone Lake to improve suppression 
efficacy. M. Sc thesis. Bozeman, MT: Montana State Uni-
versity.

Wilmot, O., Tronstad, L., Hall, R. O., Koel, T., & Arnold, J. 
(2016). Lake-trout induced spatial variation in the benthic in-
vertebrates of Yellowstone Lake. Park Science, 32(2), 25 – 35.

Winter, A., Ciborowski, J. J. H., & Reynoldson, T. B. (1996). 
Effects of chronic hypoxia and reduced temperature on sur-
vival and growth of burrowing mayflies, Hexagenia limbata 
(Ephemeroptera: Ephemeridae). Canadian Journal of Fish-
eries and Aquatic Sciences, 53(7), 1565 –1571. https://doi.
org/10.1139/f96-093

Yoder, D. M., Viramontes, A., Kirk, L. L., & Hanne, L. F. 
(2006). Impact of salmon spawning on microbial commu-
nities in a northern California river. Journal of Freshwater 
Ecology, 21(1), 147–155. https://doi.org/10.1080/02705060.2
006.9664107

Zavaleta, E. S., Hobbs, R. J., & Mooney, H. A. (2001). View-
ing invasive species removal in a whole-ecosystem context. 
Trends in Ecology & Evolution, 16(8), 454 – 459. https://doi.
org/10.1016/S0169-5347(01)02194-2

Manuscript received: 13 July 2020
Revisions requested: 13 October 2020
Revised version received: 29 October 2020
Manuscript accepted: 29 October 2020

https://doi.org/10.1080/00028487.2016.1143398
https://doi.org/10.1080/00028487.2016.1143398
https://doi.org/10.1002/nafm.10259
https://doi.org/10.1577/T09-151.1
https://doi.org/10.1577/T09-151.1
https://doi.org/10.1146/annurev.en.41.010196.000555
https://doi.org/10.1146/annurev.en.41.010196.000555
https://www.ncbi.nlm.nih.gov/pubmed/15012327
https://doi.org/10.1139/f96-093
https://doi.org/10.1139/f96-093
https://doi.org/10.1080/02705060.2006.9664107
https://doi.org/10.1080/02705060.2006.9664107
https://doi.org/10.1016/S0169-5347(01)02194-2
https://doi.org/10.1016/S0169-5347(01)02194-2



