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Fish decomposition in boreal lakes and biogeochemical implications
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Abstract

A field study in a boreal lake using a remotely operated vehicle equipped thia camera established that falling
fish carcasses did not tend to be buried in sediments after deposition. D@oposition rates of fish carcasses in
three boreal lakes were experimentally assessed at different depths. makow waters (between 0 and 4 m),
decomposition was fast (half livest, ranging from 40 to 230 h) and controlled by vertebrates. In deep waters
(below the thermocline), decomposition was slowt(between 770 and 1,733 h) and was controlled by bacterial
processes. Water temperature was a promising predictor of decomposititralf-lives in freshwater. Using a novel
underwater infrared camera system, we identified the daily and seasonaltferns of scavenging activity by littoral
fish. Only three species displayed scavenging behavior, with creek chuizsng the most active. Fast fish-mediated
littoral recycling of fish carcass may explain the lack of direct observains of carcasses in lakes. Estimates of
phosphorus fluxes in one of the studied lakes indicate that falling carcass can represent a significant water-to-

sediment flux of nutrient.

Ecologists have long recognized the role played by
vertebrates in the global and regional transport and release
of nutrients (Schindler et al. 2005). More recently, their role
in the transport of contaminants has emerged as a fruitful
field of research in aquatic ecology (Blais 2005; Blais et al.
2007). This long-range biodelivery of pollutants and
nutrients is expected to be especially significant for
migratory animals, such as anadromous fish. In particular,
the postmortem influence of Pacific salmon on the
biogeochemical dynamics of receiving freshwater ecosys-
tems has drawn much attention (e.g., Kimmmel et al. 2003;
Schindler et al. 2005; Fenoglio 2005). Recently, the role of
arctic seabirds on contaminant cycling has also been
documented (Blais et al. 2005).

Vertebrates can also influence nutrient cycling at the
ecosystem scale. For instance, bears are known to transport
salmon-derived nutrients from stream to land, with
significant effects on the productivity of adjacent forested
ecosystems (Helfield and Naiman 2006). Also, mobile avian

the bottom of lakes or on their shores, a number of studies
on freshwater systems have reported that estimated natural
mortality rates not due to predation are high, ranging
between 106 and 676 per year (e.g., Craig 1984; Lorenzen
1996; Schneider 1998; Allen et al. 1998; Mills et al. 2002),
with a mean of about 20-2%86 per year (Reznick et al.
2002). These falling carcasses constitute a water-to-sedi-
ment flux of biomass that could alter the cycling of
nutrients (Parmenter and Lamarra 1991; Stevenson and
Childers 2004) and bioaccumulative contaminants (Sarica
et al. 2004).

The fate of fish carcasses after deposition at the sediment
surface of lakes is poorly documented. Several articles on
the fate of large fish and whale carcasses in the deep ocean
floor have been published (e.g., Premke et al. 2003;
Soltwedel et al. 2003, Ruxton and Houston 2004), but they
are not directly applicable to lakes. Schneider (1998)
conducted the only published experimental study on the
fate of fish carcasses in a lake not subjected to massive fish

scavengers breeding on islands in salmon nursery lakes can mortality. Although the nonpredatory mortality rates of

create hot spots of biological productivity by concentrating
nutrients near their colonies (Payne and Moore 2006).

In lakes not affected by such massive mortality events,
the role of vertebrate scavengers as vectors of nutrients is

this population ranged from 25% to 40% per year, few
carcasses could be found. Schneider (1998) concluded that,
in this lake, this paradox could be partly explained by the
unseen decomposition of fish carcasses in deep water and

less understood. Although fish carcasses are rarely seen at the ability of resident scavengers to keep up with the supply
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of dead fish. However, this study did not investigate the
factors influencing the decomposition rates of carcasses.
The present study aims at testing some key hypotheses
regarding fish decomposition in lakes in the absence of
massive mortality events, to reach a better understanding of
its effect on the cycling of matter. Our first hypothesis is
that carcasses are not buried upon deposition and lie on
sediments where they can be degraded by animals and
bacteria. Such a burial would affect further degradation
and likely lengthen the turnover time of nutrients in lakes.
Second, we investigate the relative importance of two
modes of decomposition in lakes: bacterial decomposition
and vertebrate scavenging. Bacterial decomposition will
presumably lead to the complete mineralization of nutrients
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Table 1. Location, physical characteristics, and fish species (captured duringpé study) of the three lakes used in this study.
Lake Triton Lake Croche Lake Cromwell
Location 45°59 15N, 74°00 29 W 45°59 30 N, 74°0050 W 45°59 20 N, 73°59 55 W
Area 0.02 kn? 0.19 kn? 0.11 kn®
Volume 35,000 n¥ 877,000 n3 371,000 n¥
Watershed area 0.2 kr 0.8 km2 9.9 km2
Maximal depth 4m 11m 9m
Mean depth 21m 4.8 m 3.6m
Fish species Lepomis gibbosuspumpkinseed; Lepomis gibbosus, Phoxinus eos, Lepomis gibbosus, Phoxinus eos,

Phoxinus eosnorthern
redbelly dace

Semotilus atromaculatus,

creek chub;Catostomus
commersonniwhite sucker;
Semotilus corporalisfallfish;
Pimephales notatusbluntnose
minnow; Notropis rubellus rosyface
shiner;
redside shiner;Hybognathus

Semotilus atromaculatus,
Catostomus commersonni,
Semotilus corporalis, Pimephales
notatus, Notropis rubellus,
Richardsonius balteatus,
Hybognathus hankinsoni,
Exoglossum maxillingua, Ictalurus
nebulosusprown bullhead

Richardsonius balteatys

hankinsonj brassy minnow;
Exoglossum maxillinguacutlips
minnow; Salvelinus namaycushake
trout; Salvelinus fontinalis brook

trout
Other potential
scavengers

Leeches, gull

Crayfish, turtles, gull

Leeches, crayfish, turtles, gull

and pollutants, which would then eventually re-enter the
food web at its base. In contrast, vertebrate scavenging will
promote the fast transfer of nutrients and pollutants to the

top of the food web. We predict that bacterial decompo-

sition will dominate in the hypolimnion of lakes, whereas

scavengers will play a determinant role in shallow littoral

zones.

Third, we determine the main abiotic variables affecting
the decomposition half-lives of carcasses. These include
depth, temperature, oxygen levels, and incident light.
Oxygen levels and light influence the interactions between

Material and methods

Study site—The study was conducted during summer to
autumn 2004 in three boreal lakes located on the Canadian
Shield, on the territory of the Station de biologie des
Laurentides of the Universite de Montréal (Table 1 and
Fig. 1). All lakes have a circumneutral pH, are oligotrophic
or meso-oligotrophic, and are considered typical of Shield
lakes in terms of water chemistry (Carignan et al. 1998,
2000). They are relatively unperturbed lakes and display a
gradient in fish species richness. Lake Triton is an

carcasses and vertebrate scavengers that, among other cues,unstratified shallow pond, with a small fish community of

use vision to locate food items. Temperature will affect
both bacterial and scavenger metabolism. We hypothesize
that decomposition half-lives will be shorter in shallow,
warm, sunlit, oxygenated areas. On the basis of the
available literature on fish decomposition, temperature is
the most commonly reported abiotic variable. We propose
that temperature can be used as a predictor of decompo-
sition half-lives. We also consider the effect of the flotation
of carcasses on the degradation half life.

We further identify the main fish scavengers, during
daytime and nighttime, using an underwater custom-made
infrared (IR) video system (Chidami et al. 2007), and
quantify the contribution of terrestrial scavengers. Our
hypothesis is that not all fish species will demonstrate the
same interest and level of interaction with carcasses. We
also propose that scavengers will display daily and seasonal
changes in the intensity of their interactions with carcasses.
By revealing the identity of scavengers and their activity
patterns, we will be better positioned to determine how
matter flows back to the top of the food web during
scavenging.

pumpkinseeds and redbelly dace. Lake Croche is a
moderately colored (dissolved organic carbon [DOC]:
5.6 mg L 1) stratified lake and sustains a more diverse
fish community, dominated by minnows and suckers, than
Lake Triton. Lake Cromwell is a shallow, humic (DOC:
8.9 mg L 1), stratified lake, with a fish community similar
to Lake Croche, but with more catfish (Table 1). These
systems were characterized in the field using a YSI1650M
probe to measure temperature and oxygen, and with a
Licor radiometer to measure light attenuation.

Burial of falling fish—We first tested the hypothesis that
fish carcasses tend to lie at the surface of sediments, instead
of being buried upon deposition. From 10-13 June 2004, 10
carcasses of white sucker were dropped from a boat in the
pelagic zones of Lake Croche (five carcasses) and Lake
Cromwell (five carcasses). We chose white suckers for this
test since they were the most abundant large fish in the
studied systems; they were also most likely to be buried
upon deposition because of their relative large size. The fish
fall was followed and recorded by a remotely operated
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Table 2. Decomposition rates k) and half-lives ¢) for fish carcasses in three boreal lakes is the total number of fish used for
the model.
Depth Cromwell Croche Triton
(m) n k(d %) ti/2 (h) n k(d 2 tiy2 (h) n k(d 1) ti/2 (h)
1 16 0.0174-0.0041 40 12 0.01020.0011 68 4 0.00460.0006 151
2 8 0.0078-0.0022 89 8 0.01060.0011 69 3 0.00320.0011 216
3 3 0.00970.0018 72 5 0.00860.0014 80 3 0.00420.0008 165
4 2 0.0043-0.0008 161 5 0.00680.0011 102 3 0.00360.0006 231
5 3 0.0009-0.0004 770 3 0.00220.0005 315
9 2 0.0005-0.0001 1,386
11 3 0.0004-0.000081 1,733

calculated as the total duration of interaction (seconds of
biting or eating) of each scavenger species with the bait on
periods of 5 min; the resulting data were then pooled
hourly and units of seconds of interactions per hour were
used (s h1).

Statistical analyses—ish mass decomposition decreased

Decomposition half-lives and decomposition sequence—
Half-lives were obtained for one fish species (rainbow
trout), for three lakes, at different depths and ranged from
less than 2 d to more than 2 months (Table 2). Loss of
tissue due to decomposition roughly followed an exponen-
tial decrease.

In all lakes, half-lives generally varied as a function of

according to a single-slope exponential decay as observed depth, temperature, and light penetration (Fig. 2). These

by others (Minshall et al. 1991; Elliot 1997; Chaloner et al.
2002):

INdXP= INdXob —kt a1p

where X; is the remaining mass (g) at time, X, the initial
mass (g), andk the constant decay (d1). The mass
remaining of all fish carcasses at different days, for each
depth and for each lake, was fit with a nonlinear regression
model to determinate a meark-value and a mean half-life,
tio (Table 2)

To compare depth and lake effects, an individualk
constant decay was calculated for each fish carcass
deployed. Thosek-values were logg transformed to meet
assumptions of homogeneity of variance. Logy(k-values)

relationships were similar between lakes. They were
nonlinear; differences in half-lives {3,5) for 0 to 4 m in
Lake Croche and Lake Cromwell were not statistically
significant, whereast,, at deeper depths were always
different from one another (ANOVA with a posteriori
HSD; p 0.0001). Note, however, that half-lives in shallow
Lake Triton were significantly higher than in the first 4 m
of the other two lakes. Half-lives did not systematically
increase with oxygen levels, since some short half-lives were
recorded at 4 m in the anoxic hypolimnion of Lake
Cromwell (Fig. 2B).

We visually followed the decomposition of carcasses
using digital photographs taken at each sampling interval
(data not shown). Carcasses from the littoral zone were
rapidly decomposed and many openings were found within

were used as the dependent variables and water depth as »_3 ¢ |n contrast, carcasses from the profundal zone were

independent variables. Statistical analyses were carried out
using analysis of variance (ANOVA), and post hoc
comparisons of depth and lake effects were done with
Tukey—Kramer’s studentized range (honestly significant
difference [HSD]) tests. Significance levels for all analyses
were set ata  0.05. Throughout the text, measures of
error are presented as standard deviations.

Results

Burial of falling fish—All 10 dropped carcasses stayed at
the surface of the sediments upon deposition and showed
no sign of immediate burial (the burial index was zero for

slowly decomposed and no opening was visible during the
first few weeks.

Effect of carcass flotation—Flotation of carcasses may
alter their decomposition rate, and we therefore monitored
the frequency and the duration of flotation events for all
carcasses (Fig. 3). For all lakes, flotation was only observed
for carcasses placed at shallow depths (0 to 4 m), and all
flotation events ended with the return of the carcass to the
lake bottom within 24 to 48 h. There was a temporal trend
in flotation events during decomposition, with 12—-236 of
all carcasses floating during the first 4 d, 1-1% floating
during the next 4 d, and none floating after 8 d (Fig. 3A).

all carcasses) regardless of depth or nature of sediments (as Decomposition rates for carcasses having experienced at

inferred from percentage organic matter content, which
ranged from 44% to 54%). We also followed the burial of
carcasses over periods of up to 9 d, but did not withess any
signs of burial. The carcasses stayed in the same location.
In fact, the postdepositional movement of carcasses was so
limited that tissues on the bottom side of the fish clearly
underwent a different decomposition process than tissues
on the top part.

least one floating event were not significantly different from
those of nonfloating carcasses (Tukey—Kramer test on log-
normalized data;p  0.05 for all depths; Fig. 3B).

Loss of carcasses¥e monitored carcasses daily be-
tween 0 and 4 m and noticed that many of them
disappeared overnight, even though they were tied to the
BFF (Fig. 4). In Lake Cromwell, 50% of corpses at 1 and
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Fig. 2. Relation between decomposition half-lives and (A) depth, (B) oxyen, (C)

temperature, and (D) incident light in the three lakes. Exponential relabnships on pooled data

are described by the following equations: (A)ty/»
1,485 093> oxygen R2.. 0.89,p 0.051;

tiz
0.0001; (D)ty 1,5743J 202 X 1z/10; Rgdj

p

2 m and 33% at 3 m were lost. In Lake Croche, 256 of the
dead trout were not retrieved at 1 m and 1% at 2 m.
Finally, for Lake Triton 25 % of the dead trout were not
retrieved at 1 m. All carcasses placed below a depth of 3 m
were recovered, suggesting that carcass retrieval is exclu-
sively a littoral process. These losses likely result from the
activity of large terrestrial vertebrates. In particular,
snapping turtles were seen tearing off dead trout from the
BFF. Gulls were also observed eating when carcasses were
floating but they were not able to tear off the carcasses
from the fishing line.

Interactions between scavengers and carcasséfe—ex-
amined daily and seasonal changes in the presence of
scavengers and in the intensity of their interactions
(Table 3; modified from Chidami et al. 2007). Overall,

0.96,p

93¢.27 x depth: R gd_
(C)tiz

0.92,p 0.0001; (B):
6,515e 0.23 X temperature R gdj 0.99,
0.0003.

bullheads were rarely observed during daytime (average:
0.2 individual h 1 during fall and 0.3 during summer).

Changes in activity of scavengers between night and day
were assessed during a fall mission (Table 3). At night, we
observed about the same number of creek chubs (1.1
individuals h 1) and brown bullhead swimming around the
carcass, but the brown bullheads were more actively
scavenging (1,300 s ht) than creek chubs (290 s ht).
Pumpkinseeds were present in the FOV, but were not
directly interacting with the carcass. Nevertheless, they
were observed snatching little debris of flesh left by the
other scavengers. During daytime, a species switch oc-
curred, with creek chubs being more numerous (2.9
individuals h 1) and active (1,180 s h1) than brown
bullhead (0.2 individual h 1; 80 s h 1).

only three fish species acted as scavengers: pumpkinseedDiscussion

sunfish (Lepomis gibbosus brown bullhead (Ictalurus
nebulosi¥ and creek chub Eemotilus atromaculatus

Fish fall and decomposition-Fhe journey of a dead fish

Seasonal changes in the presence and necrophagousstarts with its fall toward the sediments where it can either

activity of fish were observed (Table 3). For both summer
and fall, creek chubs were the most commonly observed
and the most active fish species, with an average of around
three (fall) and five (summer) individuals present at the
same time in the FOV. The mean scavenging activity of
creek chubs ranged from 890 s of biting or eating per hour
of observation (s h 1; summer) to 1,080 s hl (fall).
Pumpkinseeds were also present in significant numbers
during summertime (1.5 individuals h 1), but few interac-
tions were observed with the carcass (30 s B). During fall,
pumpkinseeds were virtually absent and inactive. Brown

be buried or stay at the surface, leading to different
decomposition outcomes. Our results indicated that in
lakes representative of boreal aquatic systems of the
Canadian Shield, carcasses were not buried upon impact.
They were therefore available for both bacterial degrada-
tion and animal scavenging.

We further showed that the ensuing decomposition
occurred at a faster rate in shallow, warm, sunlit,
oxygenated areas of the lake. Flotation of carcasses was
also considered here, but it did not significantly change the
observed decomposition rates.
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Fig. 3. (A) Histogram representing temporal changes in

percentage of total floating carcasses for the first 4 m of depth
in three lakes. (B) Mean log-normalizedk values (-SD) as a
function of depth for carcasses having experienced at least one
floating event (open squares) or having experienced none (open
circles). A Tukey—Kramer test revealed no statistical differences
between floating and nonfloating carcasses. Data from Lake
Croche and Lake Cromwell are pooled since they were not
statistically different.

The relationship between decomposition half-lives and
abiotic variables was characterized by an exponential
decrease. The lack of linearity may indicate that different
decomposition pathways were dominating in shallow
waters vs. at depth. We propose that vertebrate scavengers
were mainly active in the first few meters of the water
column, whereas bacterial decomposition predominated at
depth. This interpretation is supported by the observation
of openings in carcasses (resulting from scavenging activity)
only in carcasses retrieved from the littoral zone.

Other studies have reported degradation half-lives for
fish carcasses in streams and wetlands. They ranged from
ca. 10 to 500 h (Stevenson and Childers 2004; Fenoglio et
al. 2005; Chaloner et al. 2002). The only study undertaken
in a lake (Schneider 1998) used nonencaged fish, but did
not provide a time series for decomposition, and no half-
lives can be calculated. The time for complete decomposi-
tion of small fish (81-350 mm) was of the order of 18 d for
littoral zones (depth 2.5 m) and 27 d for sublittoral zones
(depth between 2.5 and 7.5 m). Our data are similar to
those obtained by Schneider (1998), although we used
larger fish carcasses.

Water temperature was the only environmental data
adequately reported in all published studies. When
graphically pooling all available date, this variable was
found to be correlated to the log-transformed half-lives
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Fig. 4. Percentage of carcass removed from the experiment
by large scavengers (e.g., snapping turtles) for the three lakes
(Cromwell, Croche, and Triton).

(Fig. 5). For our subset of data, the linear regression on
transformed t,,, was strong R2,, 0.99,p 0.0001,n

12), and was best described by the following equatiort:
6515X e 0.2344x T \We suggest that water temperature is a
promising surrogate measurement for an approximation of
decomposition rates in freshwater systems. However, more
studies on other contrasted systems in terms of community
composition, depth, and oxygen levels should be conducted
to validate the generality of the proposed relationship. This
increase in decomposition half-lives with decreasing tem-
perature may be related to lower metabolic activities by
decomposing bacteria and scavengers. In lakes, the fact
that cold temperatures are found in the profundal zone
below the thermocline may also limit scavenger access to
the carcass.

Note that, in most studies, carcasses were encaged to
prevent scavenging by fish. Since th& vs. t1,, relationship
holds even when considering encaged carcasses, we suggest
that in the absence of fish, an increase in the scavenging
activity of macroinvertebrates may sometimes counterbal-
ance the absence of scavenging by fish. Previous studies
have already noted that many macroinvertebrate scaven-
gers (e.g., leeches) tend to avoid carcasses surrounded by
fish, since they may constitute prey items for fish (e.g.,
Sarica et al. 2005).

Interactions between scavengers and carcasség-iden-
tified creek chubs and brown bullheads as the main fish
scavengers in these systems. This indicates that carcasses
are used as resources only by a few fish species in our
systems. Since Lake Triton is devoid of these species
(Table 1), we postulate that the longer half-lives observed
in this lake compared with the first 4 m of lakes Cromwell
and Croche (Table 2) can be attributed to the lack of fish
scavengers. In this particular case, the absence of vertebrate
scavengers is not counterbalanced by the presence of an
efficient community of invertebrate scavengers.

Note that creek chubs and brown bullheads are mainly
omnivorous (Scott and Crossman 1974). They have been
shown to feed on zooplankton and zoobenthos, but not on
fish carcasses. However, studies of gut contents can easily
overlook boneless fish fragments resulting from scavenging
activities. The daily scavenging activity patterns reported
here (with brown bullheads being very active at night) are
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Fig. 6. Schematic representation of the effect of carcass falls
on the phosphorus cycle in the littoral vs. the pelagic zone of Lake
Croche. Solid arrows represent P fluxes and their width is
proportional to the importance of the flux. Dashed arrows
represent decomposition half lives.

bacterial processes over months. The mineralized P will not
be available for biomass growth before fall turnover, and it
will re-enter the food chain through primary producers.
The transport of this P back to the fish biomass will be
further delayed by the presence of at least two trophic
transfer steps. In sharp contrast, a fish dying in the littoral
zone will be degraded in a matter of days mostly by
terrestrial and aquatic vertebrates (in approximately even
proportion between each group; Fig. 6). Therefore, car-
cass-bound P will be directly and rapidly reincorporated
near the top of the aquatic and terrestrial food chains
during the same growing season.

In the case of contaminants that tend to biomagnify
along food chains, this contrast between the fate of
carcasses in littoral and profundal zones will have an
additional consequence. Vertebrate scavengers from littoral
zones will feed near the top of the trophic web and hence,
will be exposed to the most contaminated aquatic prey
items available in the system, and biomagnify the
contaminants once more. In contrast, in the profundal
zones, contaminants will be returned to the base of the food
chain and start a new biomagnification cycle that may take
months to years to complete, depending on the contami-
nant (Harris et al. 2007). It is therefore likely that lakes
with very few vertebrate scavengers will more rapidly
respond to decreases in contaminant inputs than lakes with
large scavenger communities.

In a more general limnological context, the role of fish
on nutrient cycling in the absence of a massive mortality
event is considered to be mainly through excretory
processes, translocation of large living individuals, effects
on prey, and modification of the physical environment
(Vanni 2002). We here argue that natural fish fall may in
some cases constitute a significant flux. We further
hypothesize that this effect will be more important in lakes
with significant populations of benthivorous or planktivor-
ous (or both) fish submitted to no or low fish predation.

1995

Much uncertainty still remains with respect to natural
mortality rates of fish, and consequently, future research is
needed to provide estimates of carcass biomass in lakes.
But, as shown here, these estimates will have to take into
account the location of the carcasses in the lake to link
them to biogeochemical fluxes.

References

ALLEN, M. S., L. E. MiranDA, AND R. E. Brock. 1998.
Implications of compensatory and additive mortality to the
management of selected sportfish populations. Lakes Reserv.
Res. Manage.3: 67-79.

Brais, J. M. 2005. Biogeochemistry of persistent bioaccumu-
lative toxicants: Processes affecting the transport of con-
taminants to remote areas. Can. J. Fish. Aquat. Sci62:
236-243.

, L. E. Kimvpe, D. McMaHon, B. E. Keattey, M. L.

MaLLorY , M. S. V. DoucLas, anp J. P. SuoL. 2005. Arctic

seabirds transport marine-derived contaminants. Scien@99:

445.

, R. W. M acponALD , D. M ackay , E. WEBSTER, C. HARVEY ,
anp J. P. SuoL. 2007. Biologically mediated transport of
contaminants to aquatic systems. Environ. Sci. Technol1:
1075-1084.

CARIGNAN , R., A.-M. B Lais, ano C. Vis. 1998. Measurement of
primary production and community respiration in oligotro-
phic lakes using the Winkler method. Can. J. Fish. Aquat. Sci.
55: 1078-1084.

, D. PLanas, anp C. Vis. 2000. Planktonic production and
respiration in oligotrophic Shield lakes. Limnol. Oceanogr.
45: 189-199.

CHALONER , D. T., M. S. WipFLI, AnD J. P. CaocueTTE . 2002. Mass
loss and macroinvertebrate colonization of Pacific salmon
carcasses in south-eastern Alaskan streams. Freshw. Bié¥.
263-273.

CHipami , S., G. GuENARD, AND M. A myor. 2007. Underwater
infrared video system for behavioral studies in lakes. Limnol.
Oceanogr. Methods5: 371-378.

CraiG, J. F. 1984. Aging in fish. Can. J. Zool.63: 1-8.

DEewmEeRrs, E., D. J. McQuEeen, S. A. PoriEL, A. M. R occHi, C. W.
RAMCHARAN , AND A. PErez-FuenTeTAla . 2001. Arch. Hydro-
biol. Spec. Issues Adv. Limnol.56: 23-48.

Ecuotr, J. M. 1997. An experimental study on the natural
removal of dead trout fry in a lake district stream. J. Fish.
Biol. 50: 870-877.

FenocLio, S., T. Bo, P. AgosTa, anp M. Cucco. 2005. Mass loss
and macroinvertebrate colonisation of fish carcasses in riffles
and pools of a NW Italian stream. Hydrobiologia 532:
111-122.

Harris, R. C., AND OTHERS . 2007. Whole-ecosystem study shows
rapid fish-mercury response to changes in mercury deposition.
Proc. Natl. Acad. Sci. USA 104: 16586—16591.

Helretp , J. M., anp R. J. Naman . 2006. Keystone interactions:
Salmon and bear in riparian forests of Alaska. EcosystemS:
167-180.

Hupson, J. J.,anp W. D. T avLor . 2005. Phosphorus sedimenta-
tion during stratification in two small lakes. Arch. Hydrobiol.
162: 309-325.

, D. J. McQueen, anp K. M. Sowmers. 2001.
Phosphorus in pelagic food webs. Arch. Hydrobiol. Spec.
Issues Adv. Limnol. 56: 211-225.

KitcHeLL , J. F., J. F. Koonckg, anp P. S. Tennis. 1975. Phosphorus
flux through fishes. Int. Ver. Theor. Angew. Limnol. Verh. 19:
2478-2484.




1996

KRUMMEL , E., R. MAcponALD , L. E. KivPE, |. GREGORY -EAVES, J.
P. SvoL, B. Finney, anp J. M. Brais. 2003. Delivery of
pollutants by spawning salmon. Nature425: 255-256.

LaFonDp, M., B. PINEL -ALLouL , anD P. Ross 1990. Biomass and
photosynthesis of size-fractionated phytoplankton in Cana-
dian Shield lakes. Hydrobiologia 196: 25—-38.

Lewin, W. C., N. K amsunke , AND T. M EHNER . 2003. Phosphorus
uptake by Microcystis during passage through fish gut.
Limnol. Oceanogr. 48: 2392—2396.

Lorenzen, K. 1996. The relationship between body weight and
natural mortality in juvenile and adult fish: A comparison of
natural ecosystems and aquaculture. J. Fish. Biol49:
627-647.

Mis, K. H., S. M. CHAlANCHUK , AND D. J. ALLen. 2002.
Abundance, annual survival, and recruitment of unexploited
and exploited lake charr, Salvelinus namaycustpopulations
at the Experimental Lakes Area, nortwestern Ontario.
Environ. Biol. Fish. 64: 281-292.

MinsHALL , G. W., E. HitcHcock, anp J. R. Barnes. 1991.
Decomposition of rainbow trout (Oncorhynchus mykigs
carcasses in a forest stream ecosystem inhabited only by
non-anadromous fish populations. Can. J. Fish. Aquat. Sci.
48: 191-195.

NakasHIMA |, B. S.,anD W. C. LecceTT. 1980. The role of fishes in
the regulation of phosphorus availability in lakes. Can. J.
Fish. Aquat. Sci. 37: 1540-1549.

Nriacu , J. O. 1983. Rapid decomposition of fish bones in Lake
Erie sediments. Hydrobiologial06: 217-222.

Pavne, L. X., ano J. W. Moore. 2006. Mobile scavengers create
hotspots of freshwater productivity. Oikos 115: 69-80.

PARMENTER , R. R., aAND V. A. L aMARRA . 1991. Nutrient cycling in
a freshwater marsh: The decomposition of fish and waterfowl
carrion. Limnol. Oceanogr. 36: 976-987.

PremkE , K., S. MuvaksHIN , M. K Laces, anp J. WEGNER. 2003.
Evidence for long-range chemosreceptive tracking of food
odour in deep-sea scavengers by scanning sonar. J. Exp. Mar.
Biol. Ecol. 285: 283—-294.

Chidami and Amyot

Reznick , D., C. GHALAMBOR , AND L. N ummEy . 2002. The evolution
of senescence in fish. Mech. Age. De\23: 773-789.

Ruxton, G. D., anp D. C. HousTon. 2004. Energetic feasability of
an obligate marine scavenger. Mar. Ecol. Prog. Ser266:
59-63.

SaricA, J., M. Amvot, L. HARe, P. BLancHFIELD , R. A. (DREW)
Bodaly, H. HiNTELMANN , aND M. L ucotte. 2005. Mercury
transfer from fish carcasses to scavengers in boreal lakes: The
use of stable isotopes of mercury. Environ. Poll134: 13-22.

, , , M. R. D oyoN, AND L. StanFiELD . 2004.
Salmon-derived mercury and nutrients in a Lake Ontario
spawning stream. Limnol. Oceanogr49: 891-899.

ScHINDLER , D. E., P. R. Leavitt, C. S. Brock, S. P. bHNSON, AND
P. D. Quay. 2005. Marine-derived nutrients, commercial
fisheries, and production of salmon and lake algae in Alaska.
Ecology 86: 3225-3231.

ScHNEIDER , J. C. 1998. Fate of dead fish in a small lake. Am. Midl.
Nat. 140: 192-196.

ScotT, W. B., anp E. J. Crossman. 1974. Poissons d’eau douce du
Canada. Fish. Res. Board Can. Bull.184.

SoLTweDEL , T., K. voN JuTERZENKA , K. PREMKE , AND M. K LAGES.
2003. What a lucky shot! Photographic evidence for a
medium-sized natural food-fall at the deep seafloor. Oceanol.
Acta 26: 623—-628.

Srevenson, C., ano D. L. CHipbers. 2004. Hydroperiod and
seasonal effects on fish decomposition in an oligotrophic
evergaldes marsh. Wetlandg4: 529-537.

VanNi, M. J. 2002. Nutrient cycling by animals in freshwater
ecosystems. Annu. Rev. Ecol. SysB3: 341-370.

VERDON, R. 1976. Croissance et dynamique de la population du
meunier noir Catostomus Commersoni CommersoffiLace-
pede) du lac Croche, dans les Laurentides. M.Sc. thesis, Univ.
de Montréal.

Received: 25 September 2007
Accepted: 26 March 2008
Amended: 17 April 2008



