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Abstract Stable isotopes are widely used as time-inte-
grating tracers of trophic interactions, but turnover rates
of isotopes in animal tissues remain poorly understood.
Here, we report nitrogen (N) isotope turnover rates in
tissues of four primary consumer species: Ancistrus tri-
radiatus armored catfish (muscle, fins, and whole blood),
Tarebia granifera snails (muscle), and Rana palmipes
tadpoles (muscle) from a Venezuelan river, and Lavige-
ria grandis snails (muscle) from Lake Tanganyika, East
Africa. Turnover was estimated from the dilution of a
SN label introduced into consumer tissues by feeding on
"N-enriched periphyton. Muscle turnover rates were
rapid (0.5-3.8% per day), and were attributable to
metabolic replacement of N as well as growth in catfish
and snails. N turnover in catfish muscle decreased with
size, and fin tissue turned over more rapidly than whole
blood or muscle, though the difference was not signifi-
cant. Our results indicate that stable isotope signatures
of these tropical species could change markedly within
weeks following a shift in diet. However, generalization
across taxa or latitudes is complicated by the strong size-
dependence of isotope turnover rates. The enrichment-
dilution approach outlined here may facilitate mea-
surement of isotopic turnover in a wide variety of con-
sumers under field conditions.
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Introduction

Stable isotopes are widely used as tracers of energy and
nutrient flow in food webs (Peterson and Fry 1987). The
interpretation of stable isotope data depends on a vari-
ety of assumptions about the relationship between iso-
tope ratios of consumers and their food resources
(Gannes et al. 1997; Post 2002). Some of these issues
have received intense scrutiny (e.g. trophic fractionation;
Vander Zanden and Rasmussen 2001; Post 2002;
McCutchan et al. 2003; Vanderklift and Ponsard 2003),
but others such as temporal turnover rates are less well
understood.

A key feature of stable isotopes is that they reflect
animal dietary patterns over long periods of time com-
pared to direct analysis of stomach contents (Peterson
and Fry 1987; Vander Zanden et al. 1997). However, the
actual period across which diet is integrated depends on
the turnover rate of the sampled tissue (Hobson and
Clark 1992; Hesslein et al. 1993; MacAvoy et al. 2001).
Disparities in turnover rates among taxa and tissues
complicate the interpretation of isotopic differences. In
comparisons among consumer taxa, isotopic differences
could arise from either actual trophic segregation or
unequal turnover rates among consumers overlaid upon
temporal shifts in resource isotope ratios (e.g. O’Reilly
et al. 2002). Similarly, inferences about the relative
importance of alternative foods to a consumer depend
on the stability of resource isotope ratios during the time
period represented by consumer tissues (Cabana and
Rasmussen 1996; Post 2002).

The tissues of long-lived animals vary less in isotopic
composition than those of their prey (Cabana and
Rasmussen 1996; Vander Zanden and Rasmussen 1999;
Post 2002). This is due in part to the larger size of
consumers than their prey (Cohen et al. 1993), which is
associated with lower mass-specific growth and meta-
bolic rates (Peters 1983; Gillooly et al. 2001). At one
extreme, algae and microbes exhibit frequent isotopic
shifts due to their high biomass-specific growth rates,



high nutrient uptake and storage capacity, and short
lifespan (Cabana and Rasmussen 1996; McCutchan and
Lewis 2001; Post 2002). At the other extreme, muscle
tissue from long-lived animals such as mollusks and
fishes integrates dietary isotope ratios over periods of
months or years (Hesslein et al. 1993; Cabana and
Rasmussen 1996; Vander Zanden and Rasmussen 1999;
Post 2002). Isotopic turnover rates also can vary
markedly among different tissues of a single animal
(Tieszen et al. 1983; Hobson and Clark 1992; MacAvoy
et al. 2001).

Given the increasing use of stable isotope analysis to
study trophic ecology, it is critical to determine the ex-
tent and causes of variation in isotopic turnover rates in
animal tissues. Our survey of the literature on N isotope
turnover rates in aquatic invertebrates and fishes indi-
cates substantial differences among taxa and even con-
specific life stages (Table 1). Much of this variation
appears to be associated with body size. For instance,
the half-life of tissue N in larval fishes is less than a week
(e.g. Herzka and Holt 2000; Vander Zanden et al. 1998;
Bosley et al. 2002; Witting et al. 2005), compared to
months in large fishes (e.g. Hesslein et al. 1993; MacA-
voy et al. 2001; Harvey et al. 2002). There is also evi-
dence that N turnover rates are positively related to
temperature (Frazer et al. 1997; Bosley et al. 2002;
Witting et al. 2005). These patterns accord with general
relationships between metabolic rates and both body
size and temperature (Peters 1983; Clarke and Johnston
1999; Gillooly et al. 2001).

The literature on N isotope turnover rates has ex-
panded considerably in recent years (Table 1), but re-
mains limited in several ways. First, most previous
studies have been conducted under laboratory condi-
tions. Second, no single study has evaluated N turnover
in multiple species under the same conditions, thus
taxonomic comparisons are confounded with experi-
mental conditions. Third, experiments have relied
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primarily upon switching consumers between alternative
diets that differ naturally in stable isotope ratios. This
approach requires long periods of time in order for
animals to achieve isotopic equilibrium with the new
diet, and is difficult to adapt to field conditions. Finally,
there has been little work on N turnover rates in tropical
species, which experience warm temperatures through-
out the year. These animals are expected to have higher
average growth and metabolic rates than their temperate
counterparts (Benke 1998; Clarke and Johnston 1999),
and may show higher N turnover rates as a consequence.

This paper reports N isotope turnover rates from four
species of primary consumers at two tropical sites. Ra-
ther than switching animals between alternative diets
with natural differences in isotopic composition, our
strategy was to measure the loss of a '*N label. We al-
lowed focal animals to feed on '*N-enriched periphyton,
then returned them to a diet of periphyton with the
natural abundance of '°N. The dilution of >N through
time was used to quantify N turnover rates in multiple
tissue types. This enrichment-dilution approach offers
both challenges and benefits compared to traditional
diet-switching methods. Our results support the depen-
dence of turnover rates on body size and temperature,
and suggest that tissue N turns over rapidly in tropical
catfish and snails.

Materials and methods
Experiment 1

The first experiment compared three species of primary
consumers from Rio Las Marias, a fourth-order river in
the Andean piedmont of Venezuela (9°10°'N, 69°44'W).
We selected armored catfish (Ancistrus triradiatus),
snails (Tarebia granifera), and tadpoles (Rana palmipes)
because they were abundant during the dry-season study

Table 1 Previously published rates of nitrogen isotope turnover in aquatic animals, reflecting both growth and metabolic replacement

Taxon Wet mass (g) Temperature (°C) Turnover rate Half-life Reference

(N day™) (days)
Crustacean (krill) <0.01 -1.5vs 1.5 <0.001 vs 0.004* 784 vs 156% Frazer et al. (1997)
Snail (Elimia) <0.1 12.4 0.010° 69° Mulholland et al. (2000)
Snail (Littorina) - - 0.003-0.007* 99-231% Kemp et al. (1990)
Fish (drum) <0.1 24 vs. 28 0.25 vs 0.25 2.8% Herzka and Holt (2000)
Fish (drum) <0.1 16-30 >0.058 <12t Herzka et al. (2001)
Fish (bass) <0.1 - 0.14-0.23% 3-5* Vander Zanden et al. (1998)
Fish (flounder) <0.1 13 vs 18 0.18 vs 0.22 3.1 vs 3.9 Bosley et al. (2002)
Fish (flounder) < <0.1 13 vs 22 0.09 vs 0.22 8 vs 3¢ Witting et al. (2005)
Fish (flounder) <0.1 13 vs 22 0.05 vs 0.11 14 vs 6* Witting et al. (2005)
Fish (flounder) 0.4 13v.22 0.01 vs 0.021* 69* Witting et al. (2005)
Fish (goby) 0.1-0.9 - 0.007-0.021* 33-99 Maruyama et al. (2001)
Fish (lake trout) 55 10.6 0.01* 69 Harvey et al. (2002)
Fish (catfish) 87 11-19 <0.004 >173% MacAvoy et al. (2001)
Fish (whitefish) 5-325 10 0.007 102* Hosslein et al. (1993)

Unless otherwise indicated, data were presented in the cited sources

% Qur calculations from applying an exponential turnover model to the published data
® Our calculations based on loss of N between 75 and 210 days after the enrichment ceased
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Table 2 >N enrichment and turnover rates in Experiments 1 and 2

Taxon and tissue Wet PN pre 5N, range Turnover rate + SE Half-life
mass (g) (atom% "°N) (atom% "°N) (N day™) (days)
Catfish muscle 0.24-2.64 0.3692 0.4957-1.7748 0.038+0.013 18.2
Catfish fin 0.24-2.64 0.3692 1.3559-2.0502 0.057+0.015 12.2
Catfish blood 0.24-2.64 0.3690 1.4346 0.041+0.009 16.9
Tadpole muscle 0.87-3.36 0.3684 0.5646-1.7239 0.005+0.011 138.6
Tarebia snail muscle 0.03-0.08 0.3684 1.2069-2.3388 0.034£0.007 20.2
Lavigeria snail muscle 0.21-0.78 0.3659 0.5537-0.6587 0.014+0.004 49.5

lszrc and '°Nj are percentages of atoms as >N before and after (r=0) the enrichment period, respectively. Turnover rates (k) are based

on the models in Table 3, and half-life is calculated as: In(0.5)/—k

period (January—February 2002) and consume a com-
bination of algae and detritus. A broad size range of
individuals from each species was collected from the
river for use in the exPeriment (Table 2).

To introduce the '°N label into animal tissues, we
allowed them to feed on periphyton grown under '*N-
enriched conditions. Enrichments were conducted in
plastic pools containing 70 1 of river water and periph-
yton-covered cobbles from the river. We added 250 mg
NH,Cl (99 atom% '°N) to each pool, thereby
increasing total dissolved N by ~850%. Periphyton grew
without consumers for 2 days, then we introduced cat-
fish into one pool, snails into another, and tadpoles into
a third. After feeding on the '*N-enriched periphyton for
6 days, all animals were transferred into a non-enriched
pool for a day in order to flush non-assimilated >N
from their bodies. Following the enrichment and flush-
ing periods, animals were transferred to six replicate,
non-enriched pools (70 1) for the remainder of the
experiment. To ensure even size distributions, each
species was divided into size classes from which indi-
viduals were haphazardly assigned to pools to yield a
density of 5-6 catfish, 6-7 snails, and 7 tadpoles per
pool. Fresh cobbles were transferred from the river every
3-5 days to ensure continual access to non-enriched
periphyton. Pools were covered with mosquito netting to
prevent entry of animals or debris. Daily fluctuations in
water temperature (20-27°C) were similar to those in the
river.

Six individuals of each consumer taxon were sampled
before enrichment to determine their natural abundance
of ’N. Following the enrichment, one individual per
taxon was sampled from each non-enriched pool on six
dates (days 0, 5, 10, 16, 21, and 26). Snail mortality
reduced sample sizes to three individuals per date during
the middle of the experiment, and one catfish blood
sample was lost. The "N of non-enriched and enriched
periphyton was measured from scrapings collected be-
fore enrichment and after the enrichment period,
respectively.

Three tissues were sampled from catfish: whole blood
(via cardiac puncture), fin (soft rays, webbing, and
associated mucus of left pectoral fin), and muscle (dorsal
musculature). Tadpole tail muscle was sampled by dis-
section from skin and skeletal elements. The foot muscle
of snails was sampled by dissection from other soft

parts, shell, and operculum. The wet mass of catfish and
tadpoles and the shell length of snails were measured
before sampling, and snail shell length was converted
into wet mass of soft tissue using a regression equation
for this species (*=0.99, n=10). All samples were
placed in glass vials and desiccated (60°C, 48 h).

Muscle samples from each individual were analyzed
separately. To achieve sufficient sample mass, blood
samples from six catfish were pooled to yield one datum
per sampling date, and equal masses of fin material from
three fish were combined to yield two data per sampling
date. Dried samples were ground, subsampled (1 mg),
and analyzed using a Finnigan MAT Delta Plus in the
Cornell Isotope Laboratory. Measurements were cali-
brated against reference standards (trout tissue, methi-
onine, N, gas) of known '°N content. For enrichments
exceeding 3,000%, 6'°N (1.45 atom% '°N), samples were
diluted with non-enriched tissue from the same species
to comply with instrument and laboratory guidelines
while maintaining their elemental and molecular com-
position, and the actual enrichment was back-calculated
using a mixing model. Analytical precision for non-en-
riched samples was 0.2%, 0'°N (SD), and duplicate
analyses of enriched (6'°N=258-2857%,; n=13) sam-
ples showed SDs of 1.7-55.5%, 6"°N. Unless otherwise
noted, for the remainder of the paper isotope data are
expressed in units of atom% 5N, which is the percent-
age of N atoms as >N {i.e. [°"N/(**N+>N)]x100}.

Experiment 2

The second experiment used snails from Lake Tang-
anyika, the largest of the East African rift lakes. We
selected Lavigeria grandis for the study because it is
abundant, relatively large, and dwells on boulders and
bedrock where marked individuals are easily recaptured
(West et al. 2003). Individuals representing a range of
adult sizes were collected from Jakobsen’s Beach
(4°55°S, 29°36’W) near Kigoma, Tanzania.

The experiment was conducted during June—August
2002 using an enrichment protocol similar to that in
Experiment 1. A plastic box was filled with 42 1 of lake
water and aerated continuously. The bottom was cov-
ered with cobbles from the lake, and we added 90 mg
"NH,CI (99 atom% '°N) to increase the concentration



of total dissolved N by ~500%. One day later, snails
were collected from the lake, marked on the shell with
nail polish, and allowed to feed on enriched periphyton
for 4 days. They were subsequently released onto a large
boulder (2 m diameter, 3 m height) in the lake where
they could feed on periphyton with the natural abun-
dance of '°N. The lake water temperature was 25-27°C.

Foot muscle samples were collected from three snails
before the enrichment and three individuals on each of
nine dates afterward (days 0, 8, 14, 22, 29, 35, 42, 49, and
55). Snails were processed and analyzed as described
earlier, and the wet mass of soft tissues was estimated
from shell size using a regression equation for this spe-
cies (X =0.99, n=29). '>N of non-enriched and enriched
periphyton was measured from scrapings collected be-
fore enrichment and at the conclusion of the enrichment
period, respectively.

Turnover modeling

Daily turnover rates were estimated from time series of
tissue >N by fitting two exponential models. The first
was a decay model adapted from Tieszen et al. (1983)
and Hesslein et al. (1993):

lsNt == lSNpre + (lszeak - ISNPOSt)eikC (1)

where ¢ is the number of days the consumer had access
to non-enriched food sources followin% enrichment, "°N,
is the tissue atom% '°N at time 7, ' Ny is the tissue
atom% °N prior to enrichment, and 15Npost is the
equilibrium atom% '°N toward which the tissue is
returning following enrichment. We assumed that
15 Npost = lszre in our experiments because the potential
isotopic difference between the natural-abundance diets
before and after enrichment was small relative to the
enrichment; the implications of this assumption are
discussed later. Two parameters were fitted to the data: k
and 1SNpeak». k is the exponent describing the proportion
of "N lost daily from the tissue due to both growth and
metabolic replacement. 15Npeak is the '°’N immediately
following enrichment (z=0), though it is not critical that
the actual peak value be identified as long as the turn-
over rate is stable throughout the dilution curve. It was
fitted as a constant because destructive sampling pre-
vented measuring both '5Npeak and "N, (> 0) from the
same individual.

To account for potential negative size-scaling of
turnover rates within species due to allometry of growth
and metabolism, our second model elaborated on the
basic model by including the effect of body size on the
initial enrichment. 15Npeak was replaced with a power
function of individual mass:

PNpearr = cM?, (2)
where lszeakr is the >N of a consumer at 1=0, M is its
wet mass (g) measured or estimated at the time of

sampling, and ¢ and « are constants to be fitted along

peak’
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with k. A power function was chosen because growth
and metabolic rates scale as a power of mass (Peters
1983). This second model was applied only to muscle
data because catfish blood and fin data represented
multiple individuals, hence an individual M was not
applicable. Intraspecific variation in mass ranged from
2.4- to 11-fold among species (Table 2), offering suffi-
cient power to test the effects of size.

We compared the two- (15Npeak, k) and three-
parameter (¢, a, k) models using AIC., a small-sample
version of the Akaike Information Criterion recom-
mended by Burnham and Anderson (2002). AIC. is an
index of how well alternative statistical models balance
descriptive power and parsimonious parameterization.
The model with lower AIC. was selected for interpre-
tation.

In addition to the potential effects of mass on the
initial enrichment, which are evaluated using the three-
parameter model, the subsequent rate of loss of the '°N
label could be size-dependent. To assess the latter, we
tested for a correlation between mass and estimated
turnover of muscle N within each study species. An
approximate muscle N turnover rate was calculated by
rearranging Eq. 1 to solve for k for each individual (i):

k= ln(lsNt =15 Npre) - ln(lszeak -5 Npost)
T —t )

3)

where °N, was measured (t>0)and lszeak (or lszeak»)
was fitted using the turnover model with the lowest AIC,
for the species. If all observed '°N, were predicted per-
fectly by the fitted model, all k; would equal k. Given an
imperfect match, a correlation among conspecifics be-
tween mass and k; indicates a systematic difference in
turnover rate as a function of body mass. We tested the
correlation between k; and individual size ranking using
Kendall’s 7. When a significant relationship was de-
tected, we used a contour plot to visualize the joint ef-
fects of mass and sampling date on muscle '°N.

Curve fitting was performed using the Marquardt
method in the NLIN procedure of SAS, and Kendall’s ©
was calculated using the CORR procedure of SAS.
Contour plots were created in SigmaPlot using Loess
smoothing.

Results
Experiment 1

Periphyton in the enrichment Pools quickly incorporated
SN, reaching ~19.2 atom% '°N. This label was passed
on to all three consumer species (Table 2). Following
their return to a diet with the natural abundance of >N
(0.3662 atom% '°N), the tissue "N of consumers de-
creased according to the expected exponential pattern
(Fig. 1). However, the >N of catfish blood and snail
muscle rose between the first (#=0) and second (1=35)
dates, so we modeled data from #>5 in those cases.
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Fig. 1 Exponential dilution of
the !N label in a catfish muscle,
b catfish fin, ¢ catfish blood, d
tadpole muscle, e Tarebia snail
muscle, and f Lavigeria snail
muscle following a return to a
diet with the natural-abundance
of N (~0.366 atom%) on
experiment day 0. The solid line
illustrates the preferred
turnover model; see Table 3 for
equations. Including body mass
in the turnover models
significantly improved
descriptive power in a, d, and f,
though this effect is not
included in the scatterplots.
Dashed lines represent the °N
toward which each curve is
moving
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Table 3 Exponential turnover models describing tissue '’N data from Experiments 1 and 2 as a function of time (7) and animal wet

mass (M)

Taxon and tissue Equation for '°N, (atom% '°N) n P AIC,
Catfish muscle

2 parameters ("*Npear, k) 0.3692 +0.4742-¢~0-0411 36 0.14 —88.3
3 parameters (¢, a, k) 0.3692 +[(0.7020- M 0-328%.0.3692]-¢ ~0-0382 36 0.61 —114.2
Catfish fin

2 parameters ("*Npear, k) 0.3692 4 1.2762-¢ 0569 12 0.65 -
Catfish blood

2 parameters ("*Npear, k) 0.3690 + 1.3274-¢0-0406:(=5) 4 0.93 -
Tadpole muscle

2 parameters ('*Npear, k) 0.3684 + 0.6884-¢ 00200 36 0.11 —86.6
3 parameters (c, a, k) 0.3684 +[(1.2848-M0473%).0.3684]-¢ ~0-0046" 36 0.24 —90.1
Tarbeia snail muscle

2 parameters ('*Npear, k) 0.3684 +2.0019-¢ 003439 20 0.60 —35.2
3 parameters (¢, a, k) 0.3684+[(5.6767-M 039040 3684]-¢~0-0366(-5) 20 0.62 —33.1
Lavigeria snail muscle

2 parameters ("*Npear, k) 0.3659 4 0.2207-¢ 001957 27 0.54 —164.7
3 parameters (¢, a, k) 0.3659 + [(0.4840-M01946).0 3659] -¢~0-0140 27 0.75 —1779

The sample size (1), coefficient of determination (r%), and small-sample Akaike Information Criterion (AIC,) are provided. Among
alternative models, the one with the lowest AICc is preferred



2.1 1

1.8 1

Catfish mass (g)
.

0 5 10 15 20 25
Experiment day

Fig. 2 Contour plot of catfish muscle "N enrichment as a function
of experiment day and fish mass in Experiment 1. Lines represent
isotopic isoclines, and are labeled in units of atom% '*N

Daily turnover of N in catfish fins and blood were
estimated as 5.7 and 4.1%, respectively, and the two-
parameter model explained the majority of the variance
in enrichment (Table. 2, 3). The three-parameter model
described the muscle data better than the two-parameter
model, indicating turnover of 3.8% of N per day.
Overlapping confidence intervals indicated a lack of
statistically significant differences in turnover rates
among catfish tissues. Small catfish assimilated more >N
during the enrichment period than larger conspecifics, as
indicated by the negative overall scaling of muscle
PNpearr With mass (a=—0.5284+£0.0827 SE; Table 3),
and the inverse relationship between mass and observed
N at =0 (Fig. 2).

Muscle N of Tarebia snails also turned over quickly
(3.4% per day), and the two-parameter turnover model
was sufficient to describe the data (Table. 2, 3). Tadpole
muscle turned over more slowly (0.5% per day), and
the estimated turnover rate was not different from
zero. The three-parameter model fit tadpole data better
than the two-parameter model, but explained only 24%
of the variance (Table 3).

The analysis of intraspecific variation in muscle
turnover estimates (k;) suggested significant effects of
body mass on muscle N turnover rates in catfish (Ken-
dall’s T=—0.26, P=0.044) but not tadpoles (P=0.630)
or snails (P=0.205). The negative correlation coefficient
indicates that dilution of the >N label occurred more
rapidly in small catfish than in larger individuals. This
pattern is also evident in Fig. 2; small catfish exhibited a
broader range of muscle "N during the course of the
experiment than large catfish, reflecting faster turnover.

Experiment 2

Periphyton in the enrichment pools became highly en-
riched (~2.4 atom% '°N), and the label was transferred
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to Lavigeria snails (Table 2). After snails were released
into the lake to feed on periphyton with the natural
abundance of >N (0.3660 atom% '°N), their muscle '°N
decreased exponentially (Fig. 1f). The N turnover rate
was estimated as 1.4% per day (Table 2), and the three-
parameter model offered significantly greater descriptive
power than the two-parameter model (Table 3). Indi-
vidual estimates of turnover (k;) were not correlated with
snail tissue wet mass (P=0.180).

Discussion

Most species in our experiments experienced rapid
turnover of tissue N, as expected based on the
dependence of growth and metabolic rates upon body
size¢ and temperature (Peters 1983; Gillooly et al.
2001). The half-life of muscle N in catfish and snails
ranged from 18 to 50 days (Table 2), indicating that N
isotope ratios in these animals integrate diet over
timescales of weeks to months. Tissue N half-lives
appear to be considerable longer among species of
comparable size from the temperate zone (Table 1).
Nevertheless, the N turnover rates that we observed in
tropical primary consumers are much lower than those
inferred from primary producers (Cabana and Ras-
mussen 1996; McCutchan and Lewis 2001; Post 2002),
supporting the use of these animals to establish iso-
topic baselines in food web studies.

Turnover rates of N in muscle, fin, and whole blood
of armored catfish were rapid and statistically equivalent
(Table 2). Unfortunately, our small sample size for fins
and blood resulted in low statistical power despite rea-
sonably good descriptive power (Table 3). We had ex-
pected that fins would change more rapidly than muscle
because they include a layer of mucus that is probably
regenerated continuously (e.g. Schmidt et al. 1999). Al-
though the differences among tissues were not signifi-
cant, estimated daily turnover of N in fins was >1.6%
higher than in blood or muscle. This potential difference
merits further investigation because the combination of
rapid N turnover and non-lethal sampling would make
fins useful for studies of diet shifts and movement pat-
terns. Sampling regrown fins also could allow a simple
test of how the isotopic composition of new tissues
compare to that of recent diet. However, these analyses
would need to account for potentially complex routing
of materials to fins, which are a composite of several
tissue types that probably differ in derivation and turn-
over rate.

Based on previous results from birds (Hobson and
Clark 1992) and fish (MacAvoy et al. 2001), we had also
expected that catfish blood would turn over more
quickly than muscle. Though the plasma fraction of
blood might have changed more quickly (e.g. Pearson
et al. 2003), our analyses indicate comparable turnover
rates in whole blood and muscle of these small fish
(Fig. 1). The increase in blood '°N in the 5 days fol-
lowing the enrichment period also suggests complex
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routing of dietary N into whole blood (see also Bearhop
et al. 2002).

Muscle N of snails at both study sites turned over
rapidly, but turnover rates in Venezuelan Tarebia were
more than double those in Lavigeria from Lake Tang-
anyika (3.4 vs 1.4% per day; Fig. le—f). This disparity
probably arises from the 10-fold difference between
these species in tissue wet mass (Table 2), which is ex-
pected to result in 75% faster turnover in Tarebia based
solely on the scaling of mass-specific metabolism
(~M~%2%; Peters 1983; Gillooly et al. 2001). It was also
notable that Tarebia muscle became more enriched than
that of catfish or tadpoles (Fig. 1), perhaps due to their
small size or dietary preferences.

These are the first measurements of N turnover rates
in tropical snails, and we are aware of only two relevant
studies involving temperate species. Monthly measure-
ments of N turnover in the tissue of salt-marsh Littorina
in Georgia (Kemp et al. 1990) suggest maximum daily
turnover of ~0.7% of tissue N (Table 1). Using data
from a whole-stream '’N-enrichment in Tennessee
(Mulholland et al. 2000), we calculate daily dilution of
the '°N label in the tissue of small Elimia snails of ~1%
(Table 1). Muscle N turnover rates were much higher in
the tropical snails that we studied, which are at least as
large as Littorina and Elimia. Further studies of isotopic
turnover rates in mollusk tissues are needed because
snails and clams are widely used to set isotopic baselines
in aquatic food web studies (Cabana and Rasmussen
1996; Vander Zanden and Rasmussen 1999; Post 2002).

The tadpole data suggest slower turnover of muscle N
than in catfish or snails (Table 3). This is surprising
because the tadpole stage in frog development is tuned
for rapid growth (Werner 1986), therefore we expected
rapid dilution of the "N label. However, the low
exzplanatory power of the three-parameter model
(r"=0.24; Table 3) and large standard error of the
turnover estimate prevent any strong conclusions (Ta-
ble 2). We have previously observed variable growth
rates in tadpoles of this species even within a single
experimental pool (Mclntyre et al. 2004), and such dif-
ferences probably contributed to inconsistent '°N
enrichment.

Factors affecting N turnover rates

A growing number of studies on aquatic animals
implicate body size and temperature as key influences on
isotopic turnover rates. In accordance with general
patterns of metabolic scaling (Peters 1983; Gillooly et al.
2001), there is an inverse relationship between body size
and N turnover rates reported in the literature, partic-
ularly among fish (Table 1). Fish >5 g have N turnover
rates of < 1.0% per day, small fishes (0.1-0.9 g) show
intermediate rates (0.7-2.1% per day), and larval fishes
(<0.1 g) have rapid N turnover (>5% per day). Our
study offers further evidence of the negative scaling of
turnover with body size. Interspecific differences

between snails roughly conformed to expectations based
on metabolic scalin%. Similarly, intraspecific patterns of
initial enrichment ( 5Npe.dk») and subsequent loss of the
N label from catfish muscle were both inversely related
to individual mass (Fig. 2).

Temperature may also help to explain why isotopic
turnover rates in our tropical study species were more
similar to those of birds (Hobson and Clark 1992) and
mammals (Tieszen et al. 1983) than like-sized aquatic
poikilotherms from the temperate zone (Table 1). Res-
piration of aquatic invertebrates and fishes almost
doubles over a temperature range of 15-25°C (Clarke
and Johnston 1999), and isotopic turnover rates increase
with temperature in laboratory experiments (Frazer
et al. 1997; Bosley et al. 2002; Witting et al. 2005; but see
Herzka and Holt 2000). Under field conditions, seasonal
patterns of N turnover in saltmarsh snails suggest tem-
perature effects (Kemp et al. 1990). Further field data
come from whole-system '°N enrichments, which offer
an ecosystem-scale analog to our enrichment-dilution
approach once the isotopic composition of food re-
sources returns to natural-abundance levels. Results
from whole-stream enrichments in Puerto Rico (22°C
water; Merriam et al. 2002) and Tennessee (12.4°C wa-
ter; Mulholland et al. 2000) suggest more rapid N
turnover in tropical invertebrates, though the available
data are insufficient to make quantitative comparisons.

Another emphasis of previous research has been the
relative influence of metabolic replacement of existing
biomass and growth of new biomass on changes in tissue
isotopic composition. Most studies have concluded that
growth explains a majority of turnover (Hesslein et al.
1993; Vander Zanden et al. 1998; MacAvoy et al. 2001;
Harvey et al. 2002), though metabolic replacement of N
is also important in some cases (Vander Zanden et al.
1998; Herzka et al. 2001; Maruyama et al. 2001). Our
models did not differentiate between growth and meta-
bolic replacement because we did not measure growth
directly. However, the same species and sizes of catfish
increase in mass by 0.9-1.1% per day in enclosures at
our field site (Solomon et al. 2004). These growth rates
might account for most N turnover in our largest catfish,
but could explain only a minor portion in small catfish
(Fig. 2). Tadpole growth rates in field enclosures and
experimental pools at our study site average 0.6-1.4%
per day (Mclntyre et al. 2004; Solomon et al. 2004),
potentially accounting for all of the N turnover observed
in this study. Though no data are available for the snail
species, our observations under experimental and field
conditions suggest that their growth rates are much
lower than the observed turnover rates of muscle N (see
also Kemp et al. 1990). To our knowledge, only very
small snails are capable of growing 3% per day (e.g. Hall
et al. 2003). Thus, we infer that metabolic replacement of
muscle N was important in catfish and snails, but not in
the tadpoles that we studied.

Though it has received less attention, dietary N
content could also have important effects on N turnover
rates. Consumers with low dietary N are more reliant



upon reusing amino acids than conspecifics with higher
dietary N (Webb et al. 1998; Carter and Bransden 2001),
and animal prey contain more N than algae or plants
(Sterner and Elser 2002). Thus, carnivores at our study
sites could have higher net N turnover than the primary
consumers that we studied due to lower internal N
recycling and higher growth rates.

>N enrichment-dilution approach

Our study and others demonstrate the ease of labeling
primary consumers using enriched primary producers
(e.g. Beviss-Challinor and Field 1982; Kemp et al. 1990),
and enriched primary consumers can be used subse-
quently to label carnivores (Steffan et al. 2001). The
greatest challenge to using this approach to measure
isotopic turnover rates is achieving uniform enrichment
of experimental animals. For instance, body size signif-
icantly affected muscle enrichment (lszeak) in three of
four species in our experiments (Table 3), producing
much of the scatter in Fig. 1. Our study design featured
a continuous range of body sizes. However, use of rep-
licate individuals within discrete size groupings would
facilitate quantification of size effects in future studies.

Even after controlling for body size, differences in
ingestion or assimilation rates among conspecifics could
be amplified by short-term enrichments. Similarly, var-
iation in enrichment of alternative food resources (e.g.
algal taxa, microbes) within enrichment pools could in-
crease variance in consumer enrichment. These problems
might be alleviated by offering a standardized ration of
enriched foods to each individual, or extending the
enrichment period in order to reduce the influence of
random, short-term feeding differences.

The problem of heterogeneity in enrichment could be
circumvented using non-lethal sampling of consumer
tissues. Serial samples from the same individual could be
used to construct an individual-level dilution curve
describing turnover, and parallel analyses of many
individuals would allow generalization about turnover
rates at the species level. Fins and blood of large fishes
would be suitable for such repeated sampling, and
muscle might also be sampled non-lethally using biop-
sies (e.g. Baker et al. 2004). However, serial sampling of
muscle is less practical for snails, tadpoles, or small fish
like those used in this study.

The turnover rates estimated from the enrichment-
dilution approach also represent a subtly different
quantity than that measured in traditional diet-switches.
Both approaches rely on exponential turnover equations
that assume that all body tissues are in isotopic equi-
librium before switching diets (Fry and Arnold 1982;
Tieszen et al. 1983; Hesslein et al. 1993). This assump-
tion is valid in traditional diet-switching studies, which
yield estimates of isotopic turnover that reflect incor-
poration of material from the new diet both directly and
through indirect pathways via rapid-turnover internal
pools (see Ayliffe et al. 2004). However, internal mobi-
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lization of material from slow-turnover pools would be
largely invisible because it reflects the isotopic compo-
sition of the old diet for a long period of time. In con-
trast, turnover rates measured in enrichment-dilution
experiments include the contribution of slow-turnover
pools because these pools reflect the isotopic signature of
the pre-enrichment diet, which is similar to that of the
post-enrichment diet. Thus, the enrichment-dilution
approach could indicate higher tissue turnover rates
than traditional diet-switching methods if use of slow-
turnover internal pools is substantial (e.g. Ayliffe et al.
2004). The general importance of slow-turnover pools is
not yet clear, but is likely to differ among tissues and
depend on feeding rates. Thus, at present it is reasonable
to consider isotopic turnover rates estimated by both
approaches as comparable.

Despite these challenges, our enrichment-dilution
approach offers several advantages over natural-abun-
dance diet switches. Most importantly, natural periph-
yton was used as the food source throughout our
experiments, and animals were allowed to regulate their
own consumption rates. Both the quantity and quality
of food can affect tissue turnover rates (Carter and
Bransden 2001; Tominaga et al. 2003), hence turnover
estimates based on natural food sources and feeding
rates are likely to be more useful for interpreting field
data than rates based on switches between artificial diets
under laboratory conditions.

Rapid labeling of consumer tissues through short-
term enrichments also eliminates the requirement that
experiments proceed until isotopic equilibrium is
reached. Natural-abundance diet switches require either
determination of the equilibrium isotope ratio using
long-lasting experiments (e.g. Hesslein et al. 1993) or use
of assumed fractionation factors to estimate the equi-
librium isotope ratio of consumers relative to the new
diet (e.g. Frazer et al. 1997). In the enrichment-dilution
approach, the isotopic equilibrium following a return to
natural-abundance food sources (15Npost) should
approximate the pre-enrichment condition (lszre) as
long as food resources are refreshed regularly to ensure
that recycled >N is not incorporated. To explore the
implications of violating this assumption, we tested the
sensitivity of turnover rates in Lavigeria snails from
Experiment 2 to the value of 15Npost while holding all
other parameters constant. We varied >N, by 0.0077
atom%, representing the total range of >N observed
within the food web at each study site. Increasing and
decreasing lszost by that amount yielded negative and
positive changes, respectively, of ~10% in the fitted
turnover coefficient (k). After halving the magnitude of
the enrichment, the same increase in 15NIDOSt led to a 19%
decrease in k. These analyses indicate that the enrich-
ment-dilution method is not very sensitive to plausible
inequalities between lszre and 15Nposta and that sensi-
tivity is inversely related to the magnitude of the
enrichment. Thus, the large enrichments in our experi-
ments would have alleviated the influence of any dif-
ferences between 15Npre and ISNpost-
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Measuring isotopic dilution following a short-term
enrichment also reduces the time period required to
quantify turnover rates. In only a few days, enrichments
drastically increase the differences between endmembers
in isotopic turnover models (ISNpeak and lszost). This
allows measurement of relatively large absolute changes
in isotope ratios over short periods of time, which would
be particularly useful for slow-turnover species. In
contrast, natural-abundance diet switches require long
periods between samples in order to quantify isotopic
changes, due in part to low analytical precision
(SD=0.1-0.3%, 6'°N) relative to the isotopic differences
between diets (2-15%, 6'°N). In our experiments, ana-
Iytical precision was reduced for enriched samples
(SD=1.7-55.5%, 6'°N), however the decrease was gen-
erally small in proportion to the enrichments (262—
28189, 0"°N).

Conclusions

The interpretation of stable isotope data from field
studies requires an understanding of isotopic turnover
rates, and this study offers the first measurements of N
turnover in tropical freshwater animals. Our results
suggest that tissue N turnover occurs rapidly in these
primary consumers, though body size had strong effects
both within and across species. It remains to be seen
whether turnover is generally faster in the tropics than
the temperate zone, and whether tropical carnivores
exhibit even more rapid N turnover than the species we
studied.

Our enrichment-dilution approach offers a promising
alternative to traditional natural-abundance diet
switches. Reducing the time period required for experi-
ments will ease a major logistical barrier to quantifying
turnover rates. The method is also well-suited to field-
based studies, which may be more useful for interpreting
stable isotope data from wild animals than laboratory
results. Though important challenges remain, we are
optimistic that refinements of the enrichment-dilution
approach will facilitate systematic comparisons of
turnover rates across taxa, tissues, and environmental
conditions.
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