
Fish as sources and sinks of nutrients in lakes

JEFF M. SEREDA*, JEFF J . HUDSON*, WILLIAM D. TAYLOR † AND ERIC DEMERS ‡

*Department of Biology, University of Saskatchewan, Saskatoon, SK, Canada
†Department of Biology, University of Waterloo, Waterloo, ON, Canada
‡Department of Biology, Malaspina University-College, Nanaimo, BC, Canada

SUMMARY

1. The release of total phosphorus (TP) and nitrogen (N in ammonium) was measured for

the five most abundant fish species (>85% of biomass) in Mouse and Ranger Lakes, two

biomanipulated, oligotrophic lakes in Ontario.

2. The specific release rate of both nutrients was significantly related to fish mass; log10 TP

release rate (lg h)1) ¼ 0.793 (±0.109) [log10 wet mass (g)] + 0.7817 (±0.145), and log10 N

release rate (lg h)1) ¼ 0.6946 (±0.079) [log10wet mass (g)] + 1.7481 (±0.108).

3. When fish nutrient release was standardized for abundance (all populations, 1993–95)

and epilimnetic volume, fish were estimated to contribute 0.083 (±0.061) lg TP L)1 day)1,

and 0.41 (±0.17) lg N L)1 day)1 in Mouse L., and 0.062 (±0.020) lg TP L)1 day)1 and 0.31

(±0.08) lg N L)1 day)1 in Ranger L.

4. In comparison, concurrent rates of total planktonic P regeneration were 1.02 (±0.45)

lg L)1 day)1 (Mouse L.) and 0.85 (±0.19) lg L)1 day)1 (Ranger L.). Fish represented 8% of

planktonic P release in Mouse L. and 7% in Ranger L.

5. Fish dry mass had mean elemental body compositions of 39.3% carbon, 10.9% nitrogen,

and 4.0% phosphorus (all fish combined), with a mean molar C : N : P ratio of 27 : 6 : 1.

This comprised about 55% and 23% of the total epilimnetic particulate P and N

respectively.

6. Turnover times of P and N in fish were approximately 103 and 48 days respectively. In

comparison, planktonic turnover times of particulate P in Mouse and Ranger Lakes were

4.3 and 4.4 days respectively. Given their high P content and low turnover rates, fish

appear to be important P sinks in lakes.
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Introduction

The significance of nutrient release by fish for

plankton communities is uncertain; many authors

have suggested that nutrient release by fish is

important (Brabrand, Faafeng & Nilssen, 1990;

Mather et al., 1995; Persson, 1997; Schaus et al.,

1997; Vanni, 2002) whereas others suggest it is a

small contribution (Kitchell, Koonce & Tennis, 1975;

Hudson, Taylor & Schindler, 1999; Gido, 2002;

Griffiths, 2006). Some of this difference in opinion

arises from whether nutrients released by fish are

compared to external loading or internal cycling.

While nutrient regeneration by fish may be large

relative to external sources of nutrients to lakes (e.g.

Shostell & Bukaveckas, 2004), fish are an internal

source of nutrients and internal cycling of nutrients

(e.g. planktonic regeneration) in lakes is large relative

to external loading (Hudson et al., 1999).

Some recent studies have explored the role of fish as

benthic-pelagic couplers, transporting and releasing
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benthic nutrients into the pelagic zone (Schindler &

Scheuerell, 2002; Vander Zanden & Vadeboncoeur,

2002; Vanni, 2002). This translocation of nutrients has

been considered a source of ‘new’ nutrients for the

plankton community (Vander Zanden & Vadebon-

coeur, 2002). Benthic organisms comprise a significant

proportion of the diet of many littoral zone fish

species, particularly in small lakes. However, fish

undergo ontogenetic (Winemiller, 1989), biomass-

dependent (Schaus, Vanni & Wissing, 2002) and

seasonal diet shifts due to prey availability (Mehner

et al., 1998). When planktivorous fish feed and release

nutrients in the pelagic zone, they only recycle

nutrients in the water column and do not provide

new nutrients to the plankton community. More

importantly, since there is usually no thermal barrier

to horizontal movement of nutrients regenerated by

littoral organisms, it is not clear that the involvement

of motile organisms such as fish is required for

nutrients to reach the plankton; water currents can

bring nutrients into the pelagic zone and vice versa.

Fish feeding on profundal benthos could also bring

new nutrients into the epilimnion, but this is a much

less likely migration and the net effect of fish move-

ments between these zones could be to move nutrients

out of the euphotic zone.

Nutrient release rates have been estimated

through both bioenergetic models (Tarvainen, Sar-

vala & Helminen, 2002; Bunnell, Johnson & Knight,

2005) and direct measurements (Gido, 2002; Zim-

mer, Herwig & Laurich, 2006). However, parameters

of consumption and growth, as well as the nutrient

and energy content of both predator and prey, must

be known for bioenergetic modelling (Kraft, 1992).

These parameters are not known for many species,

and must often be inferred from other closely

related species. Regression models of nutrient

release have been developed for single species from

direct measurements (Shostell & Bukaveckas, 2004;

Vanni et al., 2006). These empirical relationships

have been applied to fish populations to estimate

nutrient release over multiple years. However, these

relationships only capture the variability in release

rates of a single species, and may not be applicable

to other systems. Therefore, the development of an

empirical relationship of nutrient release for multi-

ple species would be useful for the rapid estimation

of the total nutrients released by all fish in a given

waterbody.

Fish may contain a substantial amount of P in their

biomass which is unavailable to primary producers.

Kitchell et al. (1975) found up to 75% of total phos-

phorus (TP) in the pelagic zone of Lake Wingra

(Wisconsin) was in fish biomass. In addition, they

estimated that 30–35% of the annual input of P into

Lake Wingra was sequestered into fish biomass.

Nakashima & Leggett (1980) estimated that the P

content of pelagic fish in Lake Memphremagog was

comparable to that of the seston, and much greater

than that of the zooplankton. Kraft (1992) estimated

that P sequestered by young-of-the-year yellow perch

in Lake Memphremagog (Vermont/Quebec) was

similar to P losses from algal sedimentation. Parment-

er & Lamarra (1991) estimated that 40% of the total

fish P may remain immobilized in bone and scales

which, upon death of the fish, may be incorporated

into the sediment and lost permanently from the

water column. Such studies suggest that fish may be

more important as sinks rather than sources of

nutrients.

Our study had five objectives. (1) To determine

the amount of phosphorus (TP) and nitrogen

(ammonium-N) released by the five dominant fish

species in Mouse and Ranger Lakes (Ontario)

during the summers of 1993–95. (2) To develop

empirical relationships of nutrient release of TP and

N for multiple species that could be used for the

rapid estimation of fish nutrient release in other

systems. (3) To compare the release rates of fish to

planktonic regeneration rates of P in both lakes. (4)

To characterize the stoichiometry of direct P and N

release from the fish assemblage. (5) To determine

the quantity of nutrients (P and N) bound in fish

and plankton, and to compare the P turnover rates

of both.

Methods

Study Lakes

This study was conducted at Mouse and Ranger Lakes

in south central Ontario. Each lake has a single basin,

is oligotrophic, and is found on the Canadian Shield.

These lakes undergo stratification during the summer,

and share similar morphological and chemical

properties (Table 1). Detailed physical and chemical

properties are described in Hudson et al. (2001);

McQueen et al. (2001) and Dillon et al. (2001).
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Mouse Lake was free of obligate piscivores from

1978 until late 1993, and was characterized by high

densities (mean ¼ 2008 ha)1) of small non-piscivo-

rous fish (Demers et al., 2001a). Fish biomass over

1993–95 was 26–43 kg ha)1. In late 1993 largemouth

bass (Micropterus salmoides L.) and smallmouth bass

(Micropterus dolomieu L.) were transferred from Ran-

ger L. to Mouse L. as part of the Dorset Biomanipu-

lation Project (McQueen et al., 2001). Prior to bass

removal in late 1993, Ranger L. was characterized by

low densities (mean ¼ 30 ha)1) of piscivores (large-

mouth bass and smallmouth bass) and abundant

(mean ¼ 230 ha)1) non-piscivores (Demers et al.,

2001a). Fish biomass over 1993–95 was 19–29 kg ha)1.

Following biomanipulation, fish abundance in both

lakes was dominated by golden shiners (Notomegonus

crysoleucas M.), pumpkinseed (Lepomis gibbosus L.),

yellow perch (Perca flavescens M.), largemouth bass,

white sucker (Catastomus commersonii L.), and small-

mouth bass. These six species represented, on aver-

age, 85% and 99% of the fish biomass in Mouse L. and

Ranger L. respectively.

Measurements

The five most abundant fish species were collected

during July and August 1993 (golden shiner, pump-

kinseed, yellow perch and largemouth bass) and 1994

(white sucker). Fish collections in 1993 were com-

pleted prior to the transfer of piscivores from Ranger

L. to Mouse L. Fish were collected from both lakes by

shoreline seining or angling (largemouth bass only). A

broad range in fish size was selected for each species

to capture size-related differences in nutrient release.

Captured fish were rinsed twice with lake water and

transferred with a dip net into incubation containers

with 2–36 L of lake water depending on fish size.

Prior to fish introduction, incubation water was boiled

then cooled to ambient temperature to limit ammonia

uptake by microorganisms. Two control containers

without fish (three for golden shiners and white

sucker) were used for each fish species to monitor

changes in TP and N concentrations that were not

attributable to fish. Incubation containers were kept

under low light and noise levels, and were partly

immersed in the lake to maintain ambient lake

temperatures. Water temperature was monitored

throughout the incubations. All incubations began 1–

3 h after fish capture. Containers were sub-sampled

(approximately 50 mL, once for TP and once for N

analysis) at time 0 and subsequently at approximately

1, 2 and 4 or 5 h unobtrusively through outlet valves.

At the end of each incubation the wet mass of each

fish was recorded and then fish were sacrificed and

stored at )20 �C for determination of C, N and P.

TP samples were first oxidized with potassium

persulfate and then analysed using the molybdate

blue colorimetric method (Parsons, Maita & Lalli,

1984). Ammonium samples were preserved according

to Degobbis (1973) and then analysed within 2 weeks

for ammonium nitrogen using the phenol-hypochlo-

rite method (Wetzel & Likens, 1991). Our measure-

ment of P as TP included all processes (egestion and

excretion) that release P into the incubation container.

However, our measurements of N only include

processes that release NH4
+ (e.g. excretion) and as a

result do not include the release of N in other forms of

dissolved or particulate organic N. Changes in the

concentration of TP and NH4
+ in each container were

plotted as a function of time and modelled with linear

or non-linear regression. The instantaneous release

rate (lg h)1) of each fish was calculated by taking the

derivative at the start of the incubation (i.e. t ¼ 0)

(Wilhelm, Hudson & Schindler, 1999).

The contribution that the fish assemblage made to

the nutrient supply of each lake was determined as

follows. Fish abundance and biomass estimates were

calculated as described by Demers et al. (2001a)).

Briefly, sampling was conducted at three to five

equally spaced intervals from May to September

using a series of active (beach seine and electrofishing)

and passive (trap netting) sampling. All captured fish

were identified to species and up to 500 individuals

were measured (fork and total length). Size-stratified

Table 1 Physical and chemical properties

of Mouse and Ranger Lakes (from Dillon

et al., 2001; McQueen et al., 2001). TP and

TKN (Total Kjehldahl Nitrogen) are mean

epilimnetic concentrations (1993–95)

Area

(ha)

Mean

depth (m)

Max.

depth (m)

Mean epilimnetic

volume (108 L) TP (lg L)1)

TKN

(lg L)1)

Mouse 9.9 4.9 9 2.87 6.1 255

Ranger 11.2 5.5 13 2.91 6.5 300
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sub-samples of up to 100 individuals were weighed

(nearest 0.1 g), and scales or pectoral spines taken for

age determination. Population estimates were calcu-

lated each May (1993–95), and also in August of 1994

and 1995, with Schnabel multiple-census mark recap-

ture experiments (Ricker, 1975). Confidence limits for

biomass were calculated using the upper and lower

limits of density because errors associated with

density estimation represent the largest uncertainties

in calculating biomass (Demers et al., 2001b). These

biomass and abundance estimates were then applied

to a bioenergetics model (Hewett & Johnson, 1992)

with daily estimates for young of the year (YOY),

juvenile, and adult fish abundance, biomass, growth

and mortality (Demers et al., 2001b). Estimation of

bioenergetic model parameters is described by

Demers et al. (2001b).

The rate of release (lg h)1) of individual fish of a

species (n c.10 fish/species) was regressed against fish

mass. These relationships were then applied to the

estimates of fish biomass and abundance (±95% CI)

over 3 years (1993–95) to obtain lake-wide estimates of

fish release. Biomass and abundance estimates were

obtained from a separate study (Demers et al., 2001b).

Release rates of largemouth bass were used to

estimate the release rate of smallmouth bass, the sixth

most abundant species in both lakes. Release rates for

larval fish were not directly measured, but were

extrapolated from species specific regressions and

were included in whole-lake release rate estimates.

Confidence intervals (95%) were calculated for release

rates predicted from species-specific regression (Zar,

1999). Release rates and associated 95% CI were

summed for each size class of each species and then

for all species combined to provide a total daily

release rate (±95% CI) for the entire fish assemblage.

Total daily release rates, and associated 95% CI were

then summed for July and August and a mean daily

release rate and CI was calculated. We assumed that

fish were confined to the oxygenated epilimnetic

waters during the summer months in both lakes.

Therefore, daily nutrient release by the entire fish

assemblage (lg L)1 day)1) was standardized for the

mean epilimnetic volume of each lake (2.87 · 108 in

Mouse L. and 2.91 · 108 L in Ranger L.).

Concurrent total epilimnetic planktonic regenera-

tion rates of P were measured using radioisotope

techniques for both Mouse and Ranger Lakes

according to Hudson & Taylor (1996). Planktonic

regeneration rates were measured on three separate

dates each summer (1993–95). Daily nutrient release

rates by fish were compared on dates when plank-

tonic regeneration rates were measured.

Elemental composition of each fish was determined

using the following procedure. Fish were thawed and

the dry mass of each fish was determined. Fish were

dried at 80 �C, for 12–13 h (independent of fish mass).

Fish had been kept frozen for 10 years and were

already in a dehydrated state, hence only short drying

times were required. Fish were first ground with a

food processor, and then with a mortar and pestle. TP

analysis was conducted with two to three sub-samples

(0.0093–0.455 g) of homogenized tissue per fish. Sub-

samples were acid digested with 3 mL of 70% nitric

acid, neutralized with sodium hydroxide (4 mol L)1),

and brought up to 50 mL with de-ionized water.

Samples were diluted, oxidized with potassium per-

sulfate, and analysed for TP using the molybdate blue

colorimetric method with a spectrophotometer (Par-

sons et al., 1984). One to two replicates of dried tissue

(0.100–0.300 g) from each fish were also analysed on a

LECO CNS-2000 carbon–nitrogen analyzer (St-Joseph,

MI, U.S.A.) to determine fish carbon and nitrogen

content.

To estimate the quantity of C, N and P bound in fish

biomass we determined fish dry mass for each size

class of each species using species-specific dry mass to

wet mass ratios. Mean percentages of C, N and P

(species specific) were then multiplied by the dry

mass of fish. Mass of each element was then summed,

for each size class for each species, and then for all

species combined. This provided the total mass of

nutrients bound in fish biomass each day. Daily totals

were then averaged over July and August.

Turnover rates of P and N were then determined.

The quantity of P and N bound in fish biomass was

divided by the daily quantity of the nutrient released.

Turnover rates were calculated each day, for each size

class, for each species. Daily turnover rates accounted

for changes in biomass through estimates of growth

and mortality. Turnover rates for all species were then

averaged over July and August.

Epilimnetic particulate P (i.e. planktonic P) was

determined according to Hudson et al. (2001). Epilim-

netic total particulate nitrogen was determined on the

same water with the identical filter size fractionation

procedures that Hudson et al. (2001) used for

determining particulate P concentrations. Particulate
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nitrogen was measured as Kjeldahl nitrogen using the

modified atrazine technique outlined by the Ontario

Ministry of the Environment (reference E3188 – The

determination of solids in liquid matrices by gravim-

etry, 19 August, 2004). With this technique, nitrogen

samples were mineralized to ammonia using a hot

acid/mercuric oxide digestion. Samples were then

neutralized and analysed using phenate-hypochlorite

colorimetry at 630 nm.

Statistical analysis was performed with Statistica

Version 6.0 (Tulsa, OK, U.S.A.), and all statistical

significance levels were set at P ¼ 0.05.

Results

Ambient lake temperatures during the measurements

of nutrient regeneration by fish ranged from 22.8 to

25.9 �C. Temperature, TP and N concentrations in

control containers did not change significantly

(P > 0.05, model I linear regression) over the course

of the incubations. The concentration of TP increased

significantly over the course of all fish incubations

(P < 0.05, R2 ‡ 0.79). Instantaneous release rates (at

t ¼ 0) ranged from 7.69 to 515.6 lg TP h)1 (Fig. 1),

and inter-specific differences in P release rates were

observed [F1,4 ¼ 2.864, P ¼ 0.035, analysis of covari-

ance (ANCOVAANCOVA)].

Ammonium concentrations (henceforth, N) also

increased over time in all fish incubation containers

(P < 0.05, R2 ‡ 0.97), except in two containers where a

trend was not evident. The fish in these two contain-

ers were very small (<3 g) and increases in the

concentration of N may have been undetectable, or

offset by slight losses of N from the containers. The

results from these two incubations were not included

in subsequent analyses. Release rates of N across all

species ranged from 72.6 to 2282 lg h)1 (Fig. 1), but

inter-specific differences in N release rates were non-

significant (F1,4 ¼ 1.817, P ¼ 0.14, ANCOVAANCOVA).

Directly measured instantaneous release rates of P

and N (lg h)1) for all fish were log-transformed and

regressed (model I) against the log of fish wet mass

(Fig. 1). Release rates of both nutrients increased with

fish mass but at a decreasing rate (i.e. slope of each

relationship is <1). The total contribution that fish

made to the nutrient supply of each lake was

calculated over the 3 years of study (Fig. 2). Total

nutrient release for the six main species present in

each lake (five species used in incubations, plus

smallmouth bass) was 0.053–0.145 lg TP L)1 day)1

(mean ¼ 0.083 ± 0.061, 95% CI) and 0.053–

0.072 lg TP L)1 day)1 (mean ¼ 0.062 ± 0.020, 95%

CI) for Mouse L. and Ranger L. respectively. Nutrient

release of N (1993–95) was 0.270–0.527 lg L)1 day)1

(mean ¼ 0.41 ± 0.17, 95% CI) in Mouse L., and 0.240–

0.355 lg L)1 day)1 (mean ¼ 0.31 ± 0.08, 95% CI) in

Ranger L. Total planktonic release rates of P were

0.38–2.01 lg L)1 day)1 (mean 1.02 ± 0.45, 95% CI)

(Mouse L.) and 0.64–1.45 lg L)1 day)1 (mean

0.85 ± 0.19, 95% CI) (Ranger L.) and were much

greater than P regeneration by the fish assemblage

(Fig. 3).

(a)

(b)

Fig. 1 (a) Release of TP by all fish in relation to their wet mass

(g), n ¼ 48, R2 ¼ 0.82, P < 0.001, log10 TP release rate (lg h)1) ¼
0.793 (±0.109) [log10 wet mass (g)] + 0.7817 (±0.145). Release rates

of P across all species ranged from 7.69 to 515.6 lg h)1. (b) Re-

lease of N in the form of NH4
+ in relation to wet mass (g) for all

fish, n ¼ 46, R2 ¼ 0.88, P < 0.001, log10 N release rate (lg h)1) ¼
0.6946 (±0.079) [log10wet mass (g)] + 1.7481 (±0.108). Release

rates of N across all species ranged from 72.6 to 2282 lg h)1.

Confidence intervals (95%) for each regression are shown.
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The molar ratio of ammonium to TP release

(henceforth N : P release ratio) by all fish had a range

of 4.3 : 1–54.1 : 1, with a mean of 18.1 : 1 (Fig. 4).

White sucker had a significant negative relationship

between the N : P ratio of released nutrients and wet

mass (P ¼ 0.02), but this trend was not observed for

other species or when all species were combined.

Inter-specific differences in N : P ratios were observed

(F1,4 ¼ 2.895, P ¼ 0.034, ANCOVAANCOVA), but not when two

outlying golden shiner values (Fig. 4) were removed

(F1,4 ¼ 1.286, P ¼ 0.30, ANCOVAANCOVA).

Fish wet mass ranged from 1.3 to 205.5 g, with a

mean of 34.6 g. The dry mass of all fish ranged from

16.1% to 38.0% (mean ¼ 22.8%) of initial wet mass.

Carbon was 31.9–43.9% (mean ¼ 39.3%) of dry mass

(Fig. 5). The carbon content was negatively correlated

with dry mass in largemouth bass (P ¼ 0.0002), and

when data for all fish were combined (P ¼ 0.008).

Nitrogen accounted for 9.6–12.2% (mean ¼ 10.9%) of

dry mass. The N content of pumpkinseed was

negatively correlated with dry mass (P ¼ 0.03). Sim-

ilar, but non-significant relationships were also found

for largemouth bass and when data for all fish were

combined (P ¼ 0.06 and 0.09 respectively). The phos-

phorus content of all fish ranged from 2.1% to 5.3%

(mean ¼ 4.0%) of dry mass. Phosphorus content was

not correlated (P > 0.05) with dry mass. The mean

molar C : N : P ratio across all species was 27 : 6 : 1.

Inter-specific differences in body nutrient content

were observed (ANCOVAANCOVA); F1,4 ¼ 6.973, P ¼ 0.0002,

F1,4 ¼ 8.16, P < 0.001, F1,4 ¼ 10.787, P < 0.001, for C,

N and P respectively.

Approximately 1.58 kg of C, 0.42 kg of N and

0.16 kg of P per hectare were bound in fish biomass in

Mouse L. during 1993–95 (Fig. 6). For Ranger L. the

corresponding amounts were 1.54 kg C, 0.42 kg N and

0.14 kg of P per hectare. Turnover rates of phosphorus

and nitrogen bound in fish biomass were 96 and

47 days, and 110 and 49 days, for Mouse and Ranger

Lakes respectively. Over the same period, planktonic

biomass in the epilimnion contained approximately

1.51 kg N ha)1 and 0.13 kg P ha)1 in Mouse L.,

and 1.30 kg N ha)1 and 0.12 kg P ha)1 in Ranger L.

Fig. 2 Mean daily release of P and N (lg L)1 day)1) by the fish

assemblages in Mouse and Ranger Lakes. Confidence intervals

(95%) represent cumulative variance of release rates predicted

from species specific regressions of nutrient release, CI sur-

rounding fish abundance estimates, and variation between daily

release rates (July 1 to August 31) of each year.

Fig. 3 Comparison of daily release rates of P by the fish

assemblage (lg L)1 day)1) to regeneration rates of P by the

plankton community in Mouse and Ranger Lakes. The 95% CI

are shown for daily fish release rates. Planktonic regeneration

rates are individual measurements and therefore, 95% CI are not

shown.
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Turnover rates of phosphorus bound in planktonic

biomass were on average 4.8 and 5.3 days for Mouse

and Ranger Lakes respectively.

Discussion

Our TP release rates may include some particulate

matter that is unavailable to plankton, for example

apatite from bone in the case of piscivores. We believe

that most of the TP released would have been released

as phosphate (PO4), or available via the action of exo-

and ectoenzymes. For example, Brabrand et al. (1990)

found that most (85–95%) of the P released by fish

was in available form. However, it is possible that our

rates of P regeneration may represent slight overes-

timates.

Unlike our measurements of TP, our measurements

of N only measured the release of N as NH4
+ and may

have underestimated total N release. Andre, Hecky &

Duthie (2003) reported that approximately two-thirds

of the total N regenerated by cichlids was in soluble

form, of which 90% was NH4
+. The remainder of the

N was excreted in other soluble forms (e.g. urea) and

egested as feces. As such, our measurements of N may

have only accounted for approximately 60% of the

total N released.

Handling stress may potentially increase fish

release rates. However, Mather et al. (1995) concluded

that handling stress had no significant affect on

release rates or ratios. Egestion and excretion rates

may be affected by the time elapsed since the fish fed

(Tarvainen et al., 2005). Glaholt & Vanni (2005)

observed that P excretion rates peaked 2 h after

feeding and then returned to a low and constant

level. All incubations in this study were started 1–3 h

after fish were captured. If fish had fed before capture,

then our release rates may represent maximum rates

Fig. 4 N : P released by fish (mol : mol) in relation to dry mass

(g), n ¼ 46, R2 ¼ 0.06, P ¼ 0.10, range 4.3 : 1–54.1 : 1 (mean ¼
18.1 : 1). Outlying data points for golden shiners are indicated.

Fig. 5 Carbon, nitrogen and phosphorus content as a percentage

of fish dry mass (g), n ¼ 47. Each point represents a single fish.

Note the log scale of the x-axis. Ranges of elemental composition

were C 31.9–43.9% (mean ¼ 39.3%), N 9.6–12.2% (mean ¼
10.9%) and P 2.1–5.3% (mean ¼ 4.0%).
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because we calculated release rates at t ¼ 0; when the

incubation started. However, the feeding history of

the fish in this study is unknown. Assuming release

rates were maximal, applying these rates to the

population would overestimate the contribution by

fish to the nutrient supply. For example, Schaus et al.

(1997) observed daily excretion rates of gizzard shad

(Dorosoma cepedianum L.) to be 82% of maximum.

Alternatively, extended separation from food may

have resulted in lower release rates, thereby poten-

tially underestimating the contribution by fish to the

nutrient supply. However, we believe that biases in

either direction are minor for two reasons. First, our

release rates overlap with other directly measured

rates from the literature (Table 2). Secondly, Griffiths

(2006) presented a relationship of TP released

(g ha)1 day)1) by fish communities in relation to fish

biomass (kg ha)1). This relationship was derived from

eight studies, calculating areal nutrient loads by fish

communities in 22 lakes. Fish biomass in our lakes

was approximately 20–40 kg ha)1, with areal loading

estimates of 1.2–2.5 g ha)1 day)1. These values are

similar to those presented by Griffiths (2006). There-

fore, our estimates of fish nutrient release appear

typical.

Mean daily release rates of P and N did not change

substantially across 3 years of study in Mouse and

Ranger lakes (Fig. 2). The general trend in Mouse L.

was a declining mean daily release by the fish

community. This is likely a result of decreased fish

production following the addition of piscivores in late

1993 (Demers et al., 2001b). From 1993 to 1995 changes

in mean daily P and N release (±95% CI) by the fish

community in Ranger L. were non-significant. Fol-

lowing the removal of piscivores, fish production

increased in Ranger L. (Demers et al., 2001a,b). The

quantity of nutrients released is expected to increase

with increased fish production. However, substantial

increases in fish production did not occur in Ranger L.

until after our study was completed (1996–97).

To test the usefulness of our two nutrient release

relationships (Fig. 1) we applied our relationships to

fish species used in other nutrient release studies that

measured nutrient release directly (Table 3). Our

predicted rates were comparable to those reported

in these studies. However, extrapolation beyond the

limits of fish mass in the regression resulted in large

95% CI relative to the predicted release rate. There-

fore, expanding these relationships to include a

Fig. 6 Mean mass (kg) of C, N and P per hectare bound in fish

and plankton in Mouse and Ranger lakes from 1993 to 1995

(95% CI are shown). Carbon content of plankton was not mea-

sured.

Table 2 Comparison with other studies of fish release rates of N, P and N : P release ratios (by moles). Nutrients released were NH4-N

(N) and TP unless otherwise stated. All rates, except one (Tarvainen et al., 2002) were determined by direct measurements of release

Species

Mean fish

wet Mass (g)

Incubation

Temperature

(�C)

Release Rate (lg g)1 h)1)

N : P

Release (mols)

Type of

Study Reference
N TP

All species 34.6 23–26 8.68–62.6 0.93–14.0 4.3–54.1 Field This study

Gymnocephalus

cernuus L.

9.84 16–17 5.9 1.4 25.2 Lab Tarvainen

et al., 2005

Rutilus

rutilus L.

0+ older n/a n/a 15–22.5

2.91–6.67

N/a Model Tarvainen

et al., 2002

LepomisMacrochirus 1.96 18–22 12.0–15.6 (unfed)

34.5–47 (fed)

1.0–2.3 (unfed) (SRP)

1.2–5.7 (fed) (SRP)

18–35 (unfed)

18–101 (fed)

Lab Mather

et al., 1995

Dorosoma

cepedianum

18.7 18–22 15.2–15.5 (unfed)

5.9–101.3 (fed)

1.0–1.3 (unfed)

2.0–13.7 (fed)

33–35 (unfed)

3–35 (fed)

Lab Mather

et al., 1995
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broader range in fish mass would improve their

predictive capabilities. Other multi-species nutrient

release models have been developed by Schindler &

Eby (1997). However, these models were derived from

bioenergetic modelling and require knowledge of fish

diet and prey nutrient content. Our relationships are

derived from direct measurements of planktivorous,

zoobenthivorous, and piscivorous fish (Demers et al.,

2001b) and capture the variability in nutrient release

derived from variations in diet for a broad range in

fish size. Therefore, our empirical relationships of

nutrient release may be useful for the rapid determi-

nation of nutrient release by fish in future studies.

Nutrient release by fish represents approximately

1–36% (mean 8%) of the planktonic regeneration

rate in Mouse L. and 3–15% (mean 7%) of plank-

tonic regeneration in Ranger L (Fig. 3). If we had

included the P regeneration rates of the metalimnetic

plankton (1.11 lg P L)1 day)1 in Mouse L. and

0.97 lg P L)1 day)1 in Ranger L.: Hudson & Taylor,

1996), the relative contribution by fish would be even

less. These observations are consistent with the results

of other studies. For example, Griffiths (2006) reported

fish to regenerate an average of 6% of the P regen-

erated by plankton (comparison of 13 lakes from 10

studies using the empirical model by Hudson et al.

(1999). Nakashima & Leggett (1980) found that the P

supplied by yellow perch in Lake Memphremagog

only represented 0.06–0.17% of the seston daily

summer requirements. Gido (2002) estimated that

benthic fish of Lake Texoma released a comparatively

small amount of P (0.12 lg P L)1 day)1) relative to

plankton (2.58–14.36 lg P L)1 day)1). In summary,

fish are minor regenerators of P relative to plankton

in the pelagic zone of Mouse and Ranger Lakes, and

this appears to be generally true of lakes.

Across all species, nitrogen release rate declined

relative to the phosphorus release rate with increasing

fish wet mass (Fig. 4). The ratio of N released to total

phosphorus released (N : P release ratio) was vari-

able, 4.3 : 1 to 54.1 : 1 by moles. Our results over-

lapped with the results of other studies, which is not

surprising given the broad range we found (Table 2).

When all fish were combined, the mean N : P ratio

was 18.1 : 1 (±3.14, 95% CI). Some previous studies

(Schaus et al., 1997; Levine & Schindler, 1999; Attayde

& Hansson, 2001) have suggested that the low N : P

ratio of nutrient regeneration by fish may favour algal

communities dominated by Cyanobacteria. However,

since the quantity of nutrient released is small relative

to other sources, it probably has only a minor

influence on plankton. In addition, our N : P ratios,

as well as those of other studies (Table 2) overlap with

the Redfield ratio and therefore would be unlikely to

favour Cyanobacteria over other algae.

Fish biomass contains approximately 0.16 kg P ha)1

in Mouse L. and 0.14 kg P ha)1 in Ranger L. This

represents approximately 55% and 54% of the

Table 3 Comparison of predicted TP and N (N in NH4
+) release rates with release rates from other studies. Release rates presented as

a range represent observed rates for all fish in the study. Predicted rates were calculated with our empirical fish release relationships

(Fig. 1), and the fish wet mass reported in each study. TP, SRP, NH4-N and total ammonia nitrogen (TAN) were the release products

measured from each study

Species

Fish wet

mass (g)

Reported P

release

(lg g)1 h)1)

Predicted TP

Release

(lg g)1 h)1)

Reported N release

(lg g)1 h)1)

Predicted

NH4-N Release

(lg g)1 h)1) Study

Gymnocephalus

cernuus

9.84* 1.4 (TP)* 3.77 ± 2.74 15.9* (NH4-N) 24* (TAN) 27.9 ± 2.02 Tarvainen

et al., 2005

Lepomis

macrochirus

1.96* 1.2–5.7 (SRP) 5.26 ± 2.81 34.5–47.0 (NH4-N) 45.6 ± 2.06 Mather

et al., 1995

Dorosoma

cepedianum

2.2

18.7

23.27

48

2.0–13.7 (SRP) 5.14 ± 2.80

3.30 ± 2.74

3.15 ± 2.74

2.71 ± 2.76

5.9–101.3 (NH4-N) 44.0 ± 2.02

22.9 ± 2.01

21.4 ± 2.01

17.2 ± 2.02

Mather

et al., 1995

Stizostedium

vitreum M.

3.3

5.6

n/a 4.72 ± 2.75

4.23 ± 2.74

30.1 (20 �C) (TAN)

45.2 (25 �C)

38.9 ± 2.04

33.1 ± 2.03

Forsberg &

Summerfelt, 1992

Cyprinus carpio L. 390

780

1.2 (TP)

1.0

1.76 ± 2.77

1.52 ± 2.79

n/a 9.05 ± 2.03

7.33 ± 2.04

Lamarra, 1975

Sander lucioperca L. 11.7* n/a 3.64 ± 2.74 21.2 * (TAN) 26.4 ± 2.02 Zakęś et al., 2001

Predicted release rates overlap with rates reported from other studies (* mean).
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epilimnetic P (planktonic P and P bound in fish

biomass) in Mouse and Ranger Lakes respectively.

Average turnover time for P bound in fish biomass

would be 103 days. Fish biomass contained approx-

imately 0.42 kg ha)1 of N in both Mouse and Ranger

Lakes (Fig. 6). This represents approximately 22%

and 24% of the epilimnetic N (planktonic N and N

bound in fish biomass) in Mouse L. and Ranger L.

respectively. Average turnover time for N bound in

fish biomass would be 48 days. The plankton com-

munity accounted for approximately 45% of the

epilimnetic P (planktonic P and P bound in fish

biomass) or 0.13 kg P ha)1 in Mouse L., and 46% of

the epilimnetic P or 0.12 kg P ha)1 in Ranger L.

Planktonic regeneration rates of 1.02 lg L)1 day)1

(Mouse L.) and 0.85 lg L)1 day)1 (Ranger L.), would

turn over the planktonic P pool every 4.8 and 5.3 days

respectively. Other studies have reported similar

planktonic P turnover times of 4–8 days in a variety

of other pelagic environments (Dodds, Priscu & Ellis,

1991; Taylor & Lean, 1991; Thingstad, Skjoldal &

Bohne, 1993; Van Den Broeck et al., 2004; Flaten et al.,

2005). The slow turnover time of fish compared to

plankton confirms that fish are important sinks for

nutrients (Bartell & Kitchell, 1978; Griffiths, 2006).

Past studies have suggested that fish may be

important suppliers of nutrients to the pelagic zone

of lakes (Kraft, 1993; Schaus et al., 1997; Vanni et al.,

2006). The effect of released nutrients on pelagic

primary production will be influenced by the location

of the fish in the lake at the time of release (Kraft,

1993). Fish may move nutrients from the benthic or

littoral zones to the pelagic zone by feeding in the

benthic or littoral zone and then swimming to and

releasing nutrients in the pelagic zone. Conversely,

fish could forage in the plankton at night and retreat

to deeper water or nearshore structure during the day.

The location of fish in Mouse and Ranger Lakes was

determined by beach seining, trap netting, purse

seining, electrofishing, angling, Miller trawling, telem-

etry, and snorkeling surveys (Demers et al., 2001a;

unpublished data). YOY golden shiner, pumpkinseed

and yellow perch were observed to feed and remain

in the pelagic zone. Therefore, these YOY recycled

pelagic nutrients, and would not be expected to

import nutrients to the pelagic. Meanwhile, older

age-classes of fish were observed to feed and remain

in the littoral zone. Therefore, evidence of fish feeding

in the benthic and littoral zone and then movement to

the pelagic zone was not evident in Mouse and

Ranger Lakes. Either way, one might expect the

horizontal relocation of nutrients by water move-

ments alone to be relatively large compared to the

release of nutrients by fish.

In conclusion, we found fish to be minor contrib-

utors to the nutrient supply of both lakes, relative to

the plankton community. On the other hand, fish

biomass contained over 50% of the particulate P and

approximately 25% of the particulate N in the

epilimnion of Mouse and Ranger Lakes. While fish

are rich in P, the nutrient content of fish and fish

excretion does not deviate greatly from Redfield ratios

and they are unlikely to cause stoichiometric effects.

Other than as sinks, the greatest effect of fish on

pelagic food webs is more likely to be through size-

selective predation which may affect nutrient cycling

through altered nutrient regeneration rates and

sedimentation rates (Larocque et al., 1996).
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