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Animals can act as sources or sinks of nutrients in ecosystems, and their role in this

context may depend on the fate of nutrients in decomposing carcasses, which may

contain recalcitrant structures such as bones. Our goal was to assess whether a fish

population with high biomass is a source or sink of nutrients to the pelagic zone

of a eutrophic lake over time scales ranging from days to 20 years. We developed

a population-level model based on a 20-year (1996–2015) dataset for gizzard shad

(Dorosoma cepedianum) in Acton Lake, a eutrophic reservoir in southwest Ohio, U.S.A.

In addition, we used data from experiments that quantified nutrient mineralization rates

from carcasses as functions of fish size and temperature. Nitrogen (N) and phosphorus

(P) remineralization rates from carcasses increased with temperature and decreased

with fish size. Over the 20 years, almost all (∼99%) of the nitrogen (N) and phosphorus

(P) produced as gizzard shad carcasses was remineralized back to the water column.

At the ecosystem scale, carcass nutrient dynamics followed a seasonal pattern, with

a net accumulation of carcass nutrients in winter but a net depletion of the carcass

nutrient pool in summer, due to mineralization. Dynamics of carcass production and

remineralization were strongly influenced by young-of-year fish (YOY), for both N and

P, because the number of fish born varied considerably across years, YOY have high

mortality rates, and YOY carcasses decompose rapidly. On an annual basis, in a few

years biomass production was higher than mineralization, suggesting that in these years

fish biomass may act as a nutrient sink at the annual scale. However, nutrient excretion by

the population greatly exceeded sequestration of nutrients in biomass (living and dead).

Because most of the nutrients consumed (and excreted) by this population are derived

from the benthos, at the lake-wide scale and considering all fluxes, the population is

a significant net source of nutrients to the pelagic habitat. Our model demonstrates

the relevance of considering spatial and temporal scale as well as long-term population

dynamics when studying the role of animals as nutrient sources or sinks.
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INTRODUCTION

Animal populations can be nutrient sources or sinks (Kitchell
et al., 1975; Beasley et al., 2012; Barton et al., 2013; Atkinson
et al., 2017; Subalusky and Post, 2018). In aquatic ecosystems, an
animal population can act as a source of nutrients when releasing
nutrients in available forms to other members of the ecosystem,
and as a sink when removing nutrients from circulation in
the ecosystem (Figure 1). Studies on nutrient cycling by fish
(and other aquatic animals) have focused mostly on their role
as a nutrient source through excretion (Atkinson et al., 2017;
Subalusky and Post, 2018). However, because fish can represent a
large proportion of animal biomass in many ecosystems (Barton
et al., 2019), because they are long-lived compared to other
organisms, and because their bodies contain recalcitrant tissues
like bones and scales, it has been suggested that fish populations
act as nutrient sinks in pelagic freshwaters (Kitchell et al., 1975;
Sereda et al., 2008). The main ways in which a fish population
can be a nutrient sink are (1) if biomass increases, i.e., when
growth and reproduction exceedmortality, (2) if emigration from
the ecosystem exceeds immigration to that ecosystem, and (3) if
nutrients stored in carcasses are notmineralized back to the water
column, but rather remain stored in sediments in a recalcitrant
form for a long time (Vanni et al., 2013).

If animal biomass is relatively stable, the fate of carcasses
may be especially important in determining whether animals
are nutrient sources or sinks. In general, animal carcasses are
nutrient-rich resources that generally decompose much faster
than plant detritus (Barton et al., 2013, Benbow et al., 2019).
However, vertebrate carcasses contain bone, a phosphorus (P)-
rich component that decomposes much more slowly than other
tissues (e.g., Parmenter and Lamarra, 1991; Subalusky et al.,

FIGURE 1 | Conceptual model showing the fluxes of nutrients derived from

fish (sources to the water column, solid arrows) and stored in fish biomass

(sinks from the water column, dashed arrows). Fish can act as nutrient sinks

when they remove nutrients from circulation and store them in their bodies for

growth, or when fish die and nutrients are stored in recalcitrant tissues. On the

other hand, they act as sources of nutrients to the water column when they

are releasing nutrients through excretion and remineralization of nutrients

stored in carcasses. Piscivory is omitted here for simplicity.

2017). Thus, carcasses could represent a relatively long-term P
sink, and if P is the limiting nutrient this could constrain primary
production. In addition, carcasses are produced and deposited at
various spatial and temporal scales, which canmodulate their role
as sources or sinks. For example, in some populations carcasses
are produced in highly episodic mass mortality events, whereas
in other populations mortality is more temporally constant
or varies seasonally (Fey et al., 2015; Subalusky et al., 2017).
Carcass deposition can also be spatially variable, producing
nutrient hotspots in the landscape that influence soil, or sediment
biogeochemistry and primary production (Bump et al., 2009;
Keenan et al., 2018). More specifically, in aquatic ecosystems,
carcasses of pelagic animals may sink to the sediments, out of
the euphotic zone and away from pelagic primary producers; thus
they can be a sink for the pelagic ecosystem, but whether they are
depends on the rate at which carcass nutrients are remineralized
and transported to pelagic primary producers (Beasley et al.,
2012; Vanni et al., 2013).

In this paper, we assess whether a fish population with high
biomass and growth rate is a source or sink of nitrogen and
phosphorus to the pelagic zone of a eutrophic lake, at various
time scales ranging from days to years. To accomplish this,
we used a population-level model for gizzard shad (Dorosoma
cepedianum) over a 20 year period in Acton Lake, a eutrophic
reservoir in Southwest Ohio, U.S.A. Gizzard shad are abundant in
lakes and reservoirs of the Midwest and southeast USA, and non-
larval age classes feed mostly on organic detritus associated with
sediments (Schaus et al., 1997; Higgins et al., 2006). Consumption
of benthic-derived nutrients and subsequent excretion of these
nutrients into the water column by gizzard shad represents
an important nutrient source to phytoplankton (Shostell and
Bukaveckas, 2004; Vanni et al., 2006; Schaus et al., 2010;
Williamson et al., 2018). However, the role of nutrient storage
in living fish and the fate of nutrients in carcasses is not well-
known at the ecosystem scale. Our approach is comprehensive in
that we explicitly quantified how this population can be a nutrient
sink (storage in living biomass and carcasses) as well as a source
(excretion, remineralization from carcasses) to pelagic primary
producers, incorporating all life stages (including larvae) over a
20-year period.

METHODS

Population Model
We used the gizzard shad population model of Williamson et al.
(2018), which estimated fish population size and age structure
for multiple cohorts over a 20-year period (1996–2015). The
model combines data from electrofishing, hydroacoustics, and
larval fish sampling, to track the number and size of fish in
each age class, and ultimately the mass of nutrients sequestered
in living biomass and produced as carcasses, on a daily basis.
Details of the population model are described in Williamson
et al. (2018). Briefly, the number of larval fish was estimated
using weekly tows with an ichthyoplankton or neuston net during
the period of larval production (generally, May-June), for all
20 years. This allowed us to estimate the number of fish born
each year, following methods of Bremigan and Stein (2001).
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Non-larval fish were sampled each August (1999–2015) using
hydroacoustics (Hale et al., 2008), which allowed us to annually
estimate population size and age-structure. We do not have
hydroacoustics estimates for 1996–1998; to obtain population
estimates in August of each of these 3 years, we used a regression
between electrofishing data (catch per unit effort, CPE) and
hydroacoustics estimates developed for years in which we have
both types of data (Williamson et al., 2018). Thus, for young-of-
year (YOY) fish, we had estimates of cohort density (no. YOY fish
per ha) during the hatching period (May–June) and in August,
and for non-YOY fishwe had estimates each August. The number
of fish present in each cohort (ages 0, 1, 2, 3, and 4+ years) on
each day in between population estimates was interpolated using
daily instantaneous mortality rates, as described in Williamson
et al. (2018). Fish size (wet mass) was obtained from larval
fish tows, hydroacoustics and electrofishing, and interpolated
on a daily basis (Williamson et al., 2018). Mortality, i.e., the
number of fish in each cohort dying each day, was estimated
by difference in cohort density on successive dates; this assumes
no immigration or emigration in this population. We assumed
that piscivory accounted for 15% of the mortality of gizzard
shad smaller than 200mm total length, when temperature was
> 10◦C; for fish >200mm, and for all fish when temperature was
<10◦, we assumed no piscivory. These assumptions are based on
piscivory estimates for largemouth bass and other piscivores in
Acton Lake (Aman, 2007). Fish that died but were not consumed
by piscivores were assumed to sink to the sediments as carcasses.

Nutrient Pools and Fluxes
Using data on the number and size of fish in each cohort, we
estimated themass of nutrients (N and P) in live fish biomass, and
“lost” from the pelagic zone due to mortality on a daily basis. We
also considered nutrients excreted by fish in the water column,
using data fromWilliamson et al. (2018).

For each cohort, we modeled pools of carcass N and P as
the balance of daily carcass production (mortality not due to
piscivory) vs. mineralization. For each cohort, carcass production
(no. carcasses produced ha−1 d−1) was converted to nutrient
mass produced as carcasses (g N and P ha−1 d−1). To do so,
fish wet mass was first converted to dry mass, and then to N
and P mass using size-specific data derived from the Acton Lake
gizzard shad population (Schaus et al., 1997; Pilati and Vanni,
2007; Torres and Vanni, 2007).

Remineralization of nutrients from gizzard shad carcasses
was estimated using data from lab experiments that quantified
nutrient mineralization rates from carcasses of different sizes,
incubated at three temperatures (5, 15, and 25◦C). Details on
these experiments can be found in the Supplemental Material;
briefly, we incubated YOY and adult carcasses at these three
temperatures and measured their nutrient contents on several
dates for up to 100 days (or shorter if carcasses fully
decomposed). Based on these experiments, we calculated the
decay rate (k) of carcass N and P by fitting the equation Mt =

M0e-
kt, where Mt and M0 are the masses of the element (N or P)

remaining in carcasses at time t (days) and k is the instantaneous
daily decay rate. Then we used two-way analysis of variance
(ANOVA) to evaluate the individual and interactive effects of

fish size and temperature on decay rates (k) for carcass N and
P. When ANOVA detected significant effects of the experimental
factors, we used Tukey’s post-test for multiple comparisons to
discriminate significant statistical differences between levels of
experimental factors.

To estimate daily mineralization rates as a function of lake
temperature, for each fish size class, we used Q10, defined as
the factor by which a decay rate increased when temperature
increased by 10◦C. This factor is commonly used in studies
testing the temperature effects on biological rates (Lloyd and
Taylor, 1994; Downs et al., 2008). For example, if a rate doubles
when temperature is increased from 5 to 15◦, the Q10 = 2.
The values of Q10 for N and P decay rates for YOY and
adult carcasses were estimated by using the k values computed
previously; we calculated separate Q10 values for 5–15◦ and
15–25◦. Q10 values for adult carcasses were used for all non
YOY age classes. Cohort carcass mineralization rates were
summed to obtain carcass mineralization rates at the lake-wide
scale. We assumed that all nutrients mineralized from carcasses
were returned to the water column in dissolved inorganic
form and therefore were a nutrient source to phytoplankton;
i.e., we assumed no benthic uptake of nutrients remineralized
from carcasses. We feel that this is a valid assumption
because Acton Lake is turbid and very little light reaches
sediments (Secchi depth usually ∼0.5–0.7m); therefore, uptake
by benthic algae is minimal, although we acknowledge that some
remineralized nutrients could be taken up, at least temporarily,
by sediment microbes.

To estimate the flux of nutrients through piscivores, we
assumed that piscivore biomass was constant at the lake-wide
scale. We assumed that piscivores assimilated 80% of the N
and P they ingested from gizzard shad bodies, and therefore
egested 20% of ingested N and P as feces (Schindler and Eby,
1997). We assumed that piscivore gross growth efficiency (N or
P growth/N or P ingestion) was 30% for both N and P (based
on Schindler and Eby, 1997). Therefore, piscivores excreted 50%
of the N and P they consumed; this excretion was considered a
source to the water column. Because we assumed that piscivore
population biomass was constant, the production of piscivore
carcasses was considered to be 30% of ingested N and P, i.e.,
equal to their growth at the population level. Thus, nutrients
consumed by piscivores were allocated as follows: 20% egested as
feces; 30% to mortality (piscivore carcasses), and 50% excreted as
dissolved nutrients. N and P in piscivore carcasses was assumed
to be mineralized at rates equal to those for adult gizzard shad
carcasses. N and P egested by piscivores as feces was assumed to
remineralize at the same rate as YOY gizzard shad carcasses, i.e.,
faster than adult shad or piscivore carcasses.

The modeling approach we employed for the fate of nutrients
through piscivores is obviously a simplification, although
assumptions about piscivory are based on data from Acton
Lake. Nevertheless, we explored additional piscivory scenarios
in which we relaxed these assumptions and compared these
simulations to our “baseline” model. Specifically, we explored
additional scenarios regarding our assumption that piscivore
biomass was constant, and that piscivory accounted for 15% of
mortality of gizzard shad ≤ 200mm when temperature was ≥
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10◦. Data from Acton Lake show that piscivore catch-per-unit-
effort declined in Acton Lake from 2003/2004 to about 2008,
but no data are available before 2003 (Supplemental Material).
We considered a scenario in which piscivore population biomass
doubled from 1998 to 2003, from 20 to 40 kg wet mass/ha,
to mirror the decline over the following 5 years. In addition,
we explored scenarios in which we varied the percentage of
shad mortality caused by piscivory, from 10 to 30% (see
Supplemental Material for details), deviating from the baseline
model in which it was 15%. In all scenarios, the flux of nutrients
through piscivores was relatively small compared to that via
non-piscivory gizzard shad mortality (see Results). Because the
contribution of piscivores to the flux of nutrients was small,
and for model simplification purposes, here we present the
results that include the flux of nutrients through piscivory, i.e.,
piscivores excretion andmineralization from piscivores feces and
carcasses, combined with non-piscivory gizzard shad mortality,
i.e., carcass mineralization.

RESULTS

Remineralization rates of carcass nutrients (k) increased with
temperature and were higher for YOY than adults (Figures 2,
3, Supplemental Table 2). k was higher for N than P, reflecting

the greater recalcitrance of P because of bones and scales. Q10

values for N and P ranged from ∼1 to 3 depending on fish size
and temperature increment (5–15 or 15–25◦) (Table 1).

Over the 20-year period, 99.4% of the N and 98.6% of the
P produced as gizzard shad carcasses were remineralized back
to the water column. The dynamics of carcass production and
remineralization followed a seasonal pattern and were strongly
influenced by young-of-year fish (YOY), for both N and P
(Figure 4). Nutrients accumulated in the carcass pool over winter
months, when mortality was high and mineralization rates were
low; in contrast, a net depletion of the carcass nutrient pool
occurred during warmer months when mineralization rates were
high. During July and August, a small peak in the carcass nutrient
pool was also detected, due to a short-term accumulation of
carcasses of YOY fish, followed by a rapid decrease until October
(Figure 4). These dynamics reflect the high mortality rates, and
rapid carcass mineralization rates, of YOY fish.

On an annual basis, N and P sequestered by the gizzard

shad population via biomass production was higher than carcass

mineralization in a few years, suggesting that fish biomass (living
and dead) may act as a nutrient sink on a yearly time scale

(Figure 5). However, in most years mineralization exceeded
biomass production. Furthermore, for both N and P, excretion
rates were higher (often much higher) than biomass production

FIGURE 2 | Individual and interactive effects of fish size and temperature on patterns of mass remaining for (A,B) nitrogen (C,D) phosphorus mass in decomposing

fish carcasses throughout time. Values are expressed as the proportion of initial mass in carcasses. Data for young-the-year (YOY) and adult fish are shown in

separate panels for clarity. The transition between the white and gray areas in the panels indicate the half-lives of mass decay. Data points are mean (n = 3) and error

bars are ± 1SEM.
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FIGURE 3 | Individual and interactive effects of fish size (S) and temperature (T) on time-integrated fish carcass decay coefficients (k) for (A) nitrogen and (B)

phosphorus. Data points are means (n = 3) and error bars are ± 1SE. Different letters above treatments indicate significant statistical differences among treatments.

Bold p-values depict significant statistical effects (Tukey’s pos-hoc test; p < 0.05).

TABLE 1 | Q10 values for N and P decay rates through 38 days of the laboratory

experiment.

Size class Temperature range Nitrogen Phosphorus

YOY 5–15◦ 1.068 1.069

15–25◦ 1.992 3.023

Adult 5–15◦ 1.606 1.278

15–25◦ 1.020 1.074

Q10 values were calculated as the ratio between time-integrated fish carcass decaying

coefficients (k) for each temperature level.

in all years (Figure 5). Thus, considering all fluxes, this fish
population is a net source of N and P to the water column on
an annual basis.

On a daily basis, the gizzard shad population was usually a
source of nutrients. Thus, over the study period, mineralization
plus excretion exceeded carcass production on 92.6 and 86.8%
of days for N and P, respectively. The days on which nutrient
accumulation in carcasses was higher than mineralization plus
excretion occurred only during winter.

Piscivory accounted for the consumption of 15,133 and
4,037 g P/ha, representing, respectively, only 5.5 and 5.1% of total
gizzard shad N and P biomass “lost” to total mortality. Over the
20-year period, almost all nutrients (99.9% of N and 99.7% of P)
consumed by piscivores were released back to the water column
via excretion, egestion, and piscivore carcass decomposition.

Results of the piscivory scenarios showed that the ultimate
fates of nutrients from gizzard shad mortality were relatively

insensitive to the assumptions in the baseline model. Doubling
piscivore biomass from 1998 to 2003 reduced the flux of
dissolved nutrients through piscivores (via piscivore carcass
and feces mineralization, plus piscivore excretion) by 13%
(N) or 15% (P) over this 5-year period, as these nutrients
were stored in living piscivore biomass rather than mineralized
(Supplemental Material). However, in total all of these fluxes
through piscivores represent <6% of the flux via mineralization
of gizzard shad carcasses; therefore, doubling piscivore biomass
reduced total fluxes of N and P to the water column by
<1% compared to the baseline model. Varying the percentage
of gizzard shad mortality attributed to piscivores also had a
relatively small effect on net N and P fluxes to the water
column. As this percentage increased from 10 to 30%, N and P
mineralization from the gizzard shad carcass pool declined, but
this was accompanied by compensatory increases in piscivore
excretion plus the mineralization of piscivore carcasses and
feces (Supplemental Figure 6). In all scenarios, the percentage of
nutrients produced via shad mortality that remained as carcasses
(shad plus piscivores) was <0.6% for N and <1.4% for P. Thus,
in all scenarios >99% of N and >98% of P were returned to the
water column.

DISCUSSION

Our model suggests that, considering all fluxes of nutrients,
this fish population is a net source of N and P to the water
column, even though fish biomass is relatively high and fish are
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FIGURE 4 | Twenty-year time series showing the dynamics of phosphorus (blue line) and nitrogen (red line) stored in carcasses over time. The large peak occurring

during winter is due to high mortality (high carcass production) rate of all age classes during this time, whereas the smaller peaks occurring in late July-August are due

to production of carcasses from high mortality of young-of-year fish.

much more long-lived compared to phytoplankton, which are
the dominant primary producers. In Acton Lake, phosphorus
“trapped” in live gizzard shad biomass averaged about 47 µg P
L−1 over our 20 year study, and lake “total P” (P in the water
column, excluding fish) averaged about 105 µg P L−1 Therefore,
the gizzard shad population contains a pool of P equal to roughly
45% of the traditionally-measured “total P.” However, almost all
of this P becomes available relatively quickly after fish die and
decompose. Thus, neither the high biomass of living fish nor
the production of carcasses renders this population a long-term
nutrient sink.

The rate at which nutrients are remineralized from fish
carcasses is likely to vary greatly among ecosystems. Boros
et al. (2015) argued that fish carcasses are not likely to act
as a long-term P sink in warm-temperate shallow lakes. In
their experimental work, carcasses of gizzard shad and bluegill
(Lepomis macrochirus) decomposed completely over ∼3 months
in mesocosms that were warm (mean temperature 24.5◦C)
and well oxygenated, i.e., conditions similar to those in Acton
Lake in summer. Thus, Acton Lake has conditions that are
favorable for carcass decomposition. In deeper, colder lakes
fish carcasses may be nutrient sinks (Kitchell et al., 1975;
Parmenter and Lamarra, 1991), but much depends on carcass
remineralization rates. Parmenter and Lamarra (1991) studied
carcass decomposition of rainbow trout (Oncorhynchus mykiss)
in colder environments (2–5◦C) and found that most of the
decomposition activity took place during the initial 60 days
of carcass decomposition. By the end of the experiment fish
carrion lost 95% of original carcass N, but only 60% of carcass
P due to its presence in more recalcitrant tissues. Chidami
and Amyot (2008) argued that water temperature can be
used as a surrogate for decomposition rates in freshwaters.
Studying boreal lakes, they found that decreasing temperatures
are related to increased decomposition half-lives, probably
due to lower metabolic activity of decomposing bacteria
and scavengers.

Animal size also plays a role. We found that remineralization
rates were higher for small gizzard shad carcasses than for
large carcasses, although all sizes decomposed rapidly at
warm temperatures. Very large animal carcasses will probably
decompose even more slowly; for example, Subalusky et al.
(2017) found that wildebeest bones take 7 years to fully
decompose even in a warm, tropical river. In ecosystems where
bonesmineralize slowly, carcasses aremore likely to be long-term
sinks for P, than for N.

In our model, carcasses mineralized fairly rapidly, so at
an annual scale they were not a sink for nutrients. However,
because of variation in water temperature and fish size, we
found temporal variation in the amount of nutrients being
stored in vs. mineralized from carcasses, at annual and seasonal
scales. Thus, while the population is a net source of N and
P to the water column, there are specific periods when N
and P accumulate in live biomass or in carcasses, and during
these periods the population acts as a temporary sink. During
winter, for example, both excretion and decomposition rates
are low, promoting a short-term nutrient accumulation in fish
carcasses. In terms of fish population biomass, short term
sinks also occur in summer during the period of YOY growth
followed by higher rates of YOY mortality. The strong influence
of the YOY on the dynamics of carcass production and N
and P remineralization (Supplemental Figure 4) is due to the
variability in the number of fish born across years (Kraft,
1992; Williamson et al., 2018), the high mortality rates of
this age class, and the fact that YOY carcasses decompose
rapidly. However, during these periods excretion rates are
high and exceed this potential sink. These dynamics illustrate
the importance of explicitly considering both temporal scale
and the multiplicity of potential fluxes of nutrients when
analyzing the extent to which fish are sources or sinks
of nutrients.

It is potentially informative to compare nutrient fluxes from
our model with other fluxes from sediments to water. Nowlin
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FIGURE 5 | Annual fluxes of phosphorus (A) and nitrogen (B) for net biomass production (white square), carcass remineralization (black dots), and excretion (white

dots).

et al. (2005) measured N and P fluxes from Acton Lake
sediments using sediment core incubations; these “direct” fluxes
are probably mediated mainly by microbes but also may include
excretion by small invertebrates that happen to be in the cores.
In summer (the only period when core incubations were done),
direct fluxes of NH4 exceed carcass N mineralization by 4-5X
at the lake-wide scale (Table 2). For P, the results are more
complex. As would be expected, direct flux of P is much higher
(>9X) from anoxic, hypolimnetic sediments than from oxic
sediments; the mineralization rate of P from carcasses is similar
in magnitude to direct flux of P from oxic sediments (Table 2).
At a lake-wide scale, accounting for the areas of oxic and anoxic

sediments, direct P flux exceeds carcass mineralization by 4-
5X. However, Nowlin et al. (2005) showed that very little of
the P released from hypolimnetic sediments is transported to
the euphotic zone where phytoplankton can use the P, probably
because P precipitates with calcium in the hypolimnion and sinks
to sediments. Regardless of the relative magnitudes of direct
fluxes vs. carcass mineralization rates, it is clear from our study
that carcasses do not represent long-term sinks. Furthermore,
during summer, excretion by gizzard shad exceeds direct fluxes
from sediments for both N and P (Table 2).

Our study is unique in that we have extensive data on
the fish population dynamics (including all age classes) at the
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TABLE 2 | Comparison of different fluxes from sediments to water in Acton Lake.

Mean N flux

(g N ha−1 d−1)

Mean P flux

(g P ha−1 d−1)

Nutrient source Summer Annual Summer Annual

Excretion by gizzard

shad

622.0 262.3 97.1 37.7

Mineralization of

gizzard shad carcasses

31.5 35.7 8.4 10.2

Direct flux from

sediments

Outflow site (anoxic,

hypolimnion)

194.0 91.1

Inflow site (oxic,

unstratified)

117.6 9.8

Lake-wide (weighted

average)

144.3 38.2

Summer values are those from July through September, and annual values are over the

entire year. Excretion data are taken from Williamson et al. (2018); the “annual” mean

presented here is themean of the points in Figure 5. Direct flux data are taken fromNowlin

et al. (2005) and are based on data from summer 1996, the only time period for which we

have experimental data. Fluxes were measured by incubating sediment cores from two

sites, an Inflow (“River”) site where depth is ∼1m and the water column is always well-

mixed and oxic, and an Outflow (“Dam”) site where sediments were taken from the anoxic

hypolimnion. Details are provided in Nowlin et al. (2005). The lake-wide direct flux value

was obtained as a weighted mean assuming that anoxic and oxic sediments comprise 35

and 65% of the lake bottom, respectively.

ecosystem level and over a 20-year period. This large and
comprehensive dataset allowed us to produce robust estimates
for population dynamics as well as fluxes of nutrients mediated
by the population. With the exception of research on Pacific
salmon (e.g., Tiegs et al., 2011; Rüegg et al., 2014), the fate
of carcasses in freshwater environments has not been explored
as much as in marine and terrestrial systems (Beasley et al.,
2012), so our study helps to fill this gap in the nutrient
cycling literature. We encourage additional whole-ecosystem
studies that assess whether animals are nutrient sources or
sinks. The fates of nutrients associated with different mortality
sources need to be explored more (Barton et al., 2019). Based
on our results, nutrients consumed by fish piscivores are
not likely to be long-term sinks. However, piscivorous birds
may function as sinks by transporting nutrients away from
an aquatic ecosystem. In addition, the role of scavengers in
processing carcass nutrients needs to be evaluated. More broadly,
to fully understand the role of animals as nutrient sources

or sinks, we need studies in a range of environments that
reflects the breath of variation in habitat features such as depth,
temperature, the balance of benthic vs. pelagic production, and
other potential drivers.
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