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Abstract: The decomposition of vertebrates in lake ecosystems has been largely understudied de-
spite being a vital part of ecosystem processes. Invasive lake trout (Salvelinus namaycush) invaded
Yellowstone Lake and caused a decline in the native Yellowstone cutthroat trout (Oncorhynchus
clarkii bouvieri) population. To restore Yellowstone cutthroat trout, lake trout were suppressed by
gillnetting annually since 1995 and has continued to present, with most carcasses deposited in
the profundal zone (>70 m). As a part of suppression management, a fraction of carcasses from
gillnetting were ground and placed on littoral spawning sites (causing lake trout embryo mor-
tality via hypoxia). We conducted experiments (2018 and 2019) to determine how carcass state
(i.e., whole vs. ground) and location of deposition (i.e., profundal or littoral) affected decomposition
rates. Whole carcasses in the depths of Yellowstone Lake decomposed nine times slower (rate of
decay, k = —0.0075 day~!; 95% CI = —0.0063-—0.0089) than ground carcasses in the littoral zone
(k=—-0.0679 day_1 ; 95% CI = —0.0590-—0.0768). Whole carcasses had a half-life of 91 days while
ground carcasses had a half-life of 10 days. We showed that carcass state and location cause a differ-
ential decomposition for lake trout carcasses in Yellowstone Lake. Understanding carcass persistence
in lakes can inform the management of suppression-produced carcasses in large lakes and provide
insight into potential effects of carcass deposition from other sources, such as spawning events or fish
kills, on nutrient cycling.

Keywords: fish decomposition; large lake; mass die-off; invasive suppression; lake trout;
Yellowstone Lake

Key Contribution: We expand upon the knowledge surrounding the rate of decomposition for fish
carcasses in lakes.

1. Introduction

Decomposition recycles organic nutrients and energy within ecosystems, making
limiting nutrients available to microbes [1]. Plant detritus is often identified as the main
decomposition pathway in aquatic ecosystems [2-4]. However, carrion is also an important
decomposition pathway. Carrion, such as a whale carcass [5-8], can create concentrations
of biological diversity, sometimes resulting in increased ecosystem heterogeneity. Mass
die-offs of fish are an example of carrion that results in essential contributions of nutrients
for aquatic and terrestrial ecosystems [9]. Contributions of fish carrion to decomposition
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pathways are well-studied, but most of the research focuses on lotic ecosystems while far
fewer lentic studies exist [9,10].

Despite the fact that decomposition is well studied in the deep ocean [11-13], the rate
of fish carcass decomposition at the sediment surface of lakes is poorly documented [14].
Studies conducted in the deep ocean are not applicable to lakes due to disparities in
decomposer communities, temperature regimes, and water chemistry. Some research has
been conducted regarding fish carcasses in lakes with [15] and without [14,16] massive fish
mortality, concluding that fish carcasses can represent a substantial water-to-sediment flux
of nutrients [14-16]. However, these studies [16] did not investigate the factors influencing
the decomposition rates of carcasses and were limited to small (<0.2 km?) lakes [14,16].
Carcass decomposition in large lakes (>100 km?) is understudied.

Yellowstone Lake is a large (341 km?) freshwater ecosystem where an introduced
species, lake trout Salvelinus namaycush, was discovered in 1994 [17]. The introduction
of lake trout caused a trophic cascade by reducing the abundance of the native keystone
species, Yellowstone cutthroat trout Oncorhynchus clarkii bouvieri, through predation [18-21].
The National Park Service (NPS) initiated a lake trout suppression program in 1995 [22]
with the original objectives to reduce Yellowstone cutthroat trout predation through lake
trout removal [20,22,23] and fatally gillnetted 4.5 million lake trout by October 2022 [24].
The swim bladders of gillnetted fish were deflated with an abdominal cut and carcasses
were discarded throughout Yellowstone Lake at depths >70 m. Recently, ground lake trout
carcass deposited on lake trout spawning substrates has been used as a complementary
suppression strategy to cause lake trout embryo mortality via hypoxia [25,26]. Lake trout
suppression in Yellowstone Lake resulted in two novel groups of fish carcasses: ground
carcasses deposited on littoral spawning substrates from late August through October
and whole carcasses discarded from May through October at depths >70 m. Ecosystem
processes have largely been studied due to natural die offs and less is known about how
sustained, massive die offs (from suppression) can affect ecosystems.

This study expands upon the information surrounding fish carcass decomposition
in large (>100 km?) lakes. Additionally, we have the unique opportunity to study a lake
without massive natural mortality events but has continuous massive mortality events due
to invasive species suppression. The concentration of fish carcasses (i.e., profundal or littoral
carcass management sites) in relation to invasive species suppression or by experimental
manipulations has largely been understudied [15]. Understanding the implications of
carcass management, or how carcasses are processed and deposited, can result in the
most efficient use of carcasses in invasive species suppression programs. Here, we answer
the question: how does the state of carcass material and location of deposition affect the
decomposition rate? We predict that ground carcasses in the littoral zone will decompose
faster than whole carcasses in the profundal zone due to warmer water temperatures and a
higher carcass surface area.

2. Materials and Methods
2.1. Study Site

Yellowstone Lake is the largest (341 km?) high-elevation (above 2000 m) lake in North
America (Figure 1). Ice cover forms every winter, with ice melting in late May or early
June. Yellowstone Lake is a mesotrophic [27], dimictic lake with an average monthly
water temperature range from 9 to 18 °C during the open water season [28]. Twenty-three
percent of the lake surface area is <20 m deep [29]. The mean depth of Yellowstone Lake
is 43 m [30].
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Figure 1. (A) The location of the experiment sites for whole (2018 and 2019) and ground (2018 only) car-
cass decomposition experiments within Yellowstone Lake, Wyoming, and the location of Yellowstone
Lake in North America; (B) the arrangement of four experimental bundles at the site; and (C) the
arrangement of bundles containing ground or whole carcass material or cobble (to facilitate negative
buoyancy) and the dissolved oxygen logger attached to each bundle. (B,C) are not shown to scale.

2.2. Experimental Setup and Sampling

We estimated the rate of decay in ground carcasses in the littoral zone and whole
carcasses in the profundal zone. Contract gillnetters collected carcasses (adult lake trout
in post-winter body condition and before spawning condition) from gillnetting events the
day before whole or ground experiments were launched. Carcasses were weighed before
placement into the steel woven wire-mesh cages (mesh size 1.27 cm; 1/2 in). We recorded
initial carcass weights and inserted a label into each wire-mesh cage with the deployment
weight to ensure correct comparison of change in weight from deployment to retrieval.
One bundle of wire-mesh cages consisted of three cages with carcass material, and one
cage of cobble to facilitate negative buoyancy (Figure 1). Each cage contained 2-5 kg wet
mass of either whole or ground carcass material.

We deployed whole carcass bundles on the benthos at approximately 70 m below the
lake surface. At each site, four bundles were deployed in June 2018 and 2019. During
2018, four sites were used for whole carcass experiments, and recovery periods were two,
four, six, and eight weeks (Figure 1; Table 1). In 2019, three sites were used, and recovery
periods were 4, 8, 12, and 16 weeks (Figure 1; Table 1). The last bundle retrieved over the
experiment period included a MiniDOT logger (PME, Inc., Vista, CA, USA) attached to
the wire mesh that recorded temperature and dissolved oxygen at 1 h intervals during the
experiment. We pooled temperature and dissolved oxygen measurements among locations.
The remaining carcass material during retrieval was collected and weighed as a wet weight.
When retrieved, some carcasses cages had significant accumulation of bottom sediment
and were removed from the final analysis (N = 5 cages).
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Table 1. Years, weeks (time deployed before bundle retrieval), and depth of each carcass state
experiment was conducted. Total number of cages and bundles represent the number deployed of
each (cage, bundle) at the beginning of the experiment period. Each bundle has three carcass cages.

Experiment Total Number Total Number
Carcass State  Year Weeks Depth Cages with Carcass Bundles
Whol 2018 2,4,6,8 >70 m 48 16
ole 2019 4,8,12,16 >70 m 36 12
Ground 2018 1,3,5 10 m 36 12

Lake trout carcasses were ground using a CHP-H22 Piranha Bait Chopper (Yaquina
Boat Equipment, Toledo, OH, USA) and added to carcass bundles in the littoral zone. We
deployed ground carcass bundles on the benthos at approximately 10 m in depth. Four
wire-mesh cage bundles were deployed at four sites for ground carcass decomposition
monitoring in 2018 (Figure 1; Table 1). Wire-mesh bundles were retrieved after one, three,
and five weeks. The last bundle to be retrieved included a MiniDOT logger (PME, Inc.)
attached to record temperature and dissolved oxygen at 1 h intervals during the experiment,
pooled among locations. The remaining carcass material at retrieval was collected and
weighed for wet weight.

2.3. Dry Mass Corrections

We calculated the percentage of mass loss as the quotient of final weight and initial
weight using wet weight. Dry mass (DM) was not collected at the field site due to safety
concerns (attracting bears) and logistical constraints of using a furnace at the field site. We
did not subsample experimental carcasses for dry mass corrections. Instead, we calculated
DM using three replicates of whole carcasses deployed for four weeks and ground carcasses
deployed for one, two, and four weeks, each with three replicates. Due to field logistical
constraints, we could not deploy whole carcasses used for DM calculations for the same
length of time as experimental carcasses. We used a previously published DM value for the
two-week deployment [31] (Table 2). We made assumptions to calculate whole carcass DM
for 6, 8,12, and 16 weeks. We assumed DM for six and eight weeks would have the same
percent wet mass as four weeks. We also assumed 12- and 16-week DM would be equivalent
to the lower confidence interval for the 4-week percent wet mass (Table 2). Ground carcass
DM at three weeks was assumed to be the average of the two- and four-week DMs, and
five weeks was assumed to have the same DM as four weeks (Table 2).

Table 2. Dry mass (DM) calculations with confidence intervals (CI) for whole and ground carcasses.

Carcass State Week DM (% of Wet Mass; [CI]) Method

2 24.5[21.3-27.7] Literature-derived [30]
4 21.9 [18.9-24.9] Dried in lab

Whole 6and 8 219 Assumed to = week 4

12 and 16 18.9 Assumed to = lower CI week 4

0 32.2[30.1-34.4] Dried in lab
1 31.9 [28.4-35.4] Dried in lab
2 25.5 [24.8-26.3] Dried in lab

Ground 3 26.1 Assumed to = average weeks 2 and 4
4 26.8 [23.7-29.8] Dried in lab
5 26.8 Assumed to = week 4

We deployed three carcass replicates for each period above (i.e., one, two, and four
weeks, where four weeks had ground and whole replicates). We dried the material in an
oven at 90 °C. We measured the mass each day over a three-day period. Samples were
considered dry if the mass was within 0.01 g of each measurement over the three-day
period [31].



Fishes 2023, 8, 385

50f13

2.4. Constant Rate of Decay (k) and Half-Life

The constant rate of carcass material decomposition (k) was calculated for comparison
to other fish:
ln(xl-) = 11’1(3(0) — kt,

where x; is the remaining mass (g) at time i (days), xg is the initial mass (kg), t is the time in
days, and k is the constant rate of decay (d1) [14,32]. Half-life (t /2) was calculated using
the mean decay rate for the carcass state:

tp=k~' xIn(2),

which produced the number of days a lake trout carcass was in the lake and half the mass
had decayed [33]. We performed all statistical analyses in R version 4.1.3 [34].

3. Results
3.1. Temperature and Dissolved Oxygen
3.1.1. Whole Carcasses in the Profundal Zone

The mean daily water temperature for whole carcass experiments in the 2018 season
was 44.7 °C (95% confidence interval; CI = 44.0-5.6 °C), and 44.2 °C in the 2019 season
(CI = 33.7-44.5 °C; Figure Al). The mean daily dissolved oxygen for whole carcass ex-
periments in 2018 pooled among locations was 6.0 mg L~! (CI = 0-12.8 mg L~ !). In 2019,
the average daily dissolved oxygen was 8.1 mg L~! (CI = 8.0-8.2 mg L™!; Figure A1).
The larger confidence intervals for dissolved oxygen in 2018 were due to one site having
extremely low (<1 mg L~!) measurements. However, the decreases in dissolved oxygen
at that site were not consistent, making the conclusion that the logger was submerged in
sediment or malfunctioning difficult. Therefore, we did not exclude those measurements.
Thick fungus mycelial mats were observed on whole carcass experiments as early as week
two of retrieval (Figure A2).

3.1.2. Ground Carcasses in the Littoral Zone

The average daily temperature for ground carcass experiments across the 2018 season
was 11.0 °C (CI = 8.7-13.3 °C; Figure A3). The average daily dissolved oxygen for ground
experiments was 4.9 mg L™ (CI = 0-11.8 mg L™1).

3.2. Dry Mass Corrections
3.2.1. Whole Carcasses in the Profundal Zone

Dry mass calculations for whole carcasses were similar to the published values, where
we reported DM here as a percent of wet mass (Table 1). The DM for four weeks (21.9%;
18.9-24.9% CI) was within the previously published confidence interval from Lantry and
Gorman [31]. Accounting for DM resulted in similar trends as those observed for wet
mass (Figure 2).

3.2.2. Ground Carcasses in Littoral Zone

Dry mass calculations for ground carcasses varied with deployment time, though
confidence intervals overlapped for some DM calculations (Table 1). Accounting for DM
resulted in similar trends as for wet mass (Figure 3).

3.3. Constant Rate of Decay (k) and Half-Life

The whole carcass decomposition in Yellowstone Lake had a mean decay (k) of —0.0075 day !
(CI = —0.0063——0.0089; Figure 4) and a half-life of 91 days (CI = 78-110). Ground carcass
decomposition had a mean k value of —0.0679 day~! (CI = —0.0590-—0.0768; Figure 4) and
a half-life of 10 days (CI = 9-12).
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Figure 2. The percentage of launch weight remaining for whole carcass experiments in the profundal
zone by week for 2018 and 2019 combined. Colored distributions represent the wet mass percentages
of weight remaining relative to launch weight, and black distributions represent dry-mass-corrected
percentages of weight remaining relative to launch weight. Diamonds are the mean values. Points
are individual measurements.
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Figure 3. Percentage of launch weight remaining for ground carcass experiments in the littoral zone

W & 0

by week for 2018. Colored distributions represent the wet mass percentages of weight remaining
relative to the launch weight, and black distributions represent dry-mass-corrected percentages of
weight remaining relative to the launch weight. Diamonds are the mean values. Points are individual
measurements.
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Figure 4. Calculated constant rates of decay (k) for ground carcass experiments in the littoral zone
(blue) and whole carcass experiments in the profundal zone (orange). Black circles represent mean k.

4. Discussion

From 1995 to 2022, more than 4.3 million lake trout were caught in gill nets and
returned to the profundal zone of Yellowstone Lake as carcasses [24]. These carcasses likely
represent a large flux of nutrients recycled within the lake, especially as the number of lake
trout caught increased over time. Additionally, another pool of carcass was created by using
ground carcasses in littoral lake trout spawning areas as a complementary suppression
strategy [25,26]. Given these two novel pools of carcasses in Yellowstone Lake, we wanted
to know how much faster ground carcasses decay in the littoral zone than whole carcasses
in the profundal zone. Not surprisingly, our results indicated that ground carcasses in the
littoral zone decompose an order-of-magnitude faster than whole carcasses in the profundal
zone. Differences in decomposition rate can be explained by differences in abiotic factors
between the sites and the carcass state.

We tried to control for different factors in the field during this experiment, but lim-
itations existed regarding this experiment that could affect the results presented above.
We were limited in our ability to correct for dry mass using the same carcass material as
deployed in the experiments and over the same time periods, so the corrections we made
could be over or underestimating the dry mass corrections. However, accounting for dry
mass resulted in similar trends in mass loss as wet mass. The whole carcass and ground
carcass cages did not have the same mass at deployment. Especially for the whole carcass
bundles, we did not want to start the decomposition process by cutting parts of fish to
maintain specific deployment masses. The starting amount of mass within a cage could
influence the decay rate. However, we reported mean decay rates and mean half-lives,
along with confidence intervals, to show the error associated with these measurements
and possibly account for the influence of starting weight on these results. Although not
included as a main result in our study, we did include six whole carcass cages in shallow
deployments as a relative control for carcass state in shallow water. The mean decay rate
of whole carcasses in shallow water was —0.0220 day ~! and a mean half-life of 35 days.
We did not deploy ground carcass in deep sites in the lake because this is not a carcass
management strategy in the system. Having information about ground carcasses in the pro-
fundal zone would have made the experiment more robust and could provide information
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to biologists regarding ground carcass decomposition in the profundal zone if eventually
used as a management strategy. Constant rates of decay were nine times slower for whole
carcasses in the profundal zone compared to ground carcasses in the littoral zone, which
is not surprising given the differential abiotic factors associated with the locations and
characteristics of carcasses. Increased surface area [35] of the ground carcasses likely con-
tributed to increased decomposition rates compared to whole carcasses. Water temperature
alone can approximate decomposition rates in lakes [14], and water temperature was 6 °C
warmer in the littoral zone compared to the profundal zone. Warmer water temperature,
increased sunlight, higher ambient dissolved oxygen, and shallow water depth have been
shown to increase fish carcass decomposition rates in other lakes [14], factors more likely
to influence littoral ground carcasses compared to the profundal whole carcasses. In our
experiments, ground carcass dissolved oxygen levels in the littoral zone were on average
lower than in the profundal zone, which may be counterintuitive. However, the lower
dissolved oxygen values in the littoral zone may be due to decomposition, rather than
reflecting ambient dissolved oxygen levels. Wave action in the littoral zones may also have
expedited the decomposition of ground carcasses because the shearing force of waves may
further macerate ground carcasses or dislodge pieces [36], transporting them outside of the
cage. This research can better inform biologists regarding the legacy of carcass deposition
and expands upon the small body of research regarding fish carcass decomposition in lakes.

The rate of decay (k-values) for whole carcasses in Yellowstone Lake were affected by
cool temperatures and the absence of light in the profundal zone (>70 m in depth). Carcass
skin remained intact during the whole carcass experiment period in Yellowstone Lake, but
muscle was visibly decomposed. We observed decomposition of whole carcasses from the
body cavity outward to the skin, which is common in fish decomposition [37]. Average
k-values for profundal, whole carcasses were much lower compared to most studies in
streams and lakes [14,15,37-39]. Whole carcass rate of decay was slower than a study
conducted in deep waters (below the thermocline) of smaller Canadian lakes with warmer
temperatures (up to 20 °C) where the half-life of whole carcasses (72 days) was about
20 days shorter than our experiments [14].

Grinding carcass material promoted increased rates of decay. Ground carcass rates of
decomposition were relatively high compared to other experiments where no macroscale
scavengers had access to or were observed on the carcass material [15,40]. In some aquatic
ecosystems, macroscale scavengers (e.g., crabs, fish) may “process” carcasses by opening
cavities or shredding tissue, increasing the rate of decomposition [40], a concept also mir-
rored in terrestrial ecosystems [41]. Carcass grinding likely compensated for cooler water
temperatures in Yellowstone Lake because the rate of decay was similar to experiments
conducted with whole carcasses in waters up to 5.8 °C warmer [37,39]. The half-lives of
ground carcasses in Yellowstone Lake were seven days longer than the half-lives of whole
carcasses in shallow water experiments [14]. The decomposition rates of ground carcasses
were comparable to other studies using whole carcasses in shallow waters with warmer
temperatures [14,15,37-39].

We did not observe many invertebrate scavengers during our experiments, even
though invertebrate scavengers (e.g., amphipods) are present in the lake [42,43]. We ensured
cages had mesh large enough for colonization by invertebrates present in Yellowstone Lake
(specifically amphipods); no macroinvertebrates in Yellowstone Lake are large enough
to be limited by the 1.27 cm (0.5 in) mesh size. However, the retrieval process could
have dislodged scavengers attached to the experiments; only annelids were observed
upon retrieval (Figure A2). Although not visually observed on ground carcasses, our
photographic documentation showed thick fungus mycelial mats (Figure A2) on whole
carcasses that could have caused scavenger avoidance [15]. Microbe-colonized carrion
may be four times less likely to be consumed by scavengers than fresh carrion due to
unappealing fungal or bacterial chemical signals [44].



Fishes 2023, 8, 385

90f13

5. Conclusions

Understanding the decomposition rate of whole or ground fish carcasses is important
for biologists implementing invasive species control programs. The small-scale deposition
of ground carcass material is limited to lake trout spawning sites, which compose 0.03% of
total lake surface area [22] and 0.12% of the littoral zone [45]. Different embryo suppression
methods (i.e., ground carcass or carcass analog pellets), which occur in the littoral zones of
Yellowstone Lake, have shown to have measurable but differential effects on periphyton
biomass [46] and invertebrate mortality [42]. Our results suggest that the mass of ground
carcass material at spawning sites approach zero by the next ice-off season, as the half-life
of ground carcasses is 10 days. Given the size of spawning grounds in relation to the total
lake area and half-life of ground carcasses, our findings further suggest that the influence of
embryo suppression via carcass deposition will be limited spatially and temporally [42,46].
However, whole carcass decomposition is slow due to deposition in the profundal zone
and may take years to be fully decomposed [40] due to the lack of carcass processing
(i.e., grinding), colder temperatures, and lack of light. Fish are often viewed as sinks
of nutrients [47,48], but the suppression of lake trout and deposition of their carcasses
to profundal zones may have altered the timing of nutrient surges and algal blooms in
Yellowstone Lake [49]. The decomposition dynamics we quantified have broad applications
to the management of lakes with natural or suppression-induced mortality events and add
to a needed body of knowledge surrounding fish decomposition in lentic ecosystems [14].
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Appendix A
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Figure A1. Temperature and dissolved oxygen measurements for 2018 (top) and 2019 (bottom) whole

carcass experiments in the profundal zone of Yellowstone Lake, Yellowstone National Park, Wyoming,
U.S.A. Black (dashed) line is the mean measurement. Polygons are 95% confidence intervals.
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Figure A2. (A) Full whole carcass bundle experiment after 2 weeks of deployment; (B) opened whole
carcass cage showing extensive fungus mycelial growth mat; (C) whole carcass cage with (D) annelids
on outside of wire mesh.
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Figure A3. Temperature and dissolved oxygen measurements for 2018 ground carcass experiments
in the littoral zone of Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A. Black (dashed)
line is the mean measurement. Polygons are 95% confidence intervals.
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