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A recent literature review reported negative relationships between diet discrimination factors
(DDFs = Xggh — Xtooa; X = 8"°N or 8"°C) and the values of 3'°N and 3"°C in the food of wild organisms
but there has been no laboratory-based confirmation of these relationships to date. Laboratory reared
guppies (Poecilia reticulata) fed a series of diets with a range of §'°C (—22.9 to —6.6%o) and 8'°N (6.5 to
1586%o0) values were used to magnify diet-tissue dynamics in order to calculate DDFs once the fish had
achieved equilibrium with each of the diets. Values of DDFs range widely for 8"°N (7.1 to —849%o)
and 3"C (1.1 to —7.0%0) and showed a strong negative correlation with the stable isotope value in the
food for 3"°N (slope = —0.59 % 0.02, r* = 0.95) and 3"°C (slope = —0.56 = 0.02, r* = 0.94). Based on these
relationships, the magnitude of DDF change over environmentally relevant values of 8'°N or §'°C
would be significant and could confound the interpretation of stable isotopes in the environment.
Using highly enriched experimental diets, our study adds to a growing number of studies that
undermine the consistent trophic enrichment paradigm with results that demonstrate the currently
poor mechanistic understanding of how DDFs arise. The results of our study highlight that the
magnitude of the stable isotope values in prey must be considered when choosing DDF values.
Future laboratory studies should therefore be directed at uncovering the mechanistic basis of DDFs
and, like others before, we recommend the determination of diet-dependent DDFs under laboratory
conditions before modeling dietary proportions or calculating trophic positions. Copyright © 2010

John Wiley & Sons, Ltd.

Carbon (3"°C) and nitrogen (3'°N) stable isotope values in
fish can be used to evaluate trophic relationships'? and
assess carbon and nutrient sources.> Although the use of
stable isotopes as chemical tracers has become a common
and powerful tool in ecological research, literature relating
to this subject has identified many caveats to their use
and has called for controlled calibration of these tracers.*®
Specifically, there is currently limited mechanistic under-
standing of diet discrimination factors (A8X =8Xconsumer —
Xfooq; X = 313C or 3'°N). Diet discrimination factors (DDFs)
are required for a variety of stable isotope studies including
those that employ isotopic modeling in order to estimate
the proportional contribution of different diet items to the
isotopic composition of the tissue under consideration’™ and
those that estimate trophic position following the logic that
the isotopic value of an organism will increase by one DDF
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each trophic level as you move up the food chain.*' For
these studies, a single DDF is often selected based on
published reviews despite the fact that these factors have
been shown to vary across species'' and taxonomic classes,'
within species across different temperature regimes,'> and
among different tissues within the same organism.'*

Diet isotopic composition has recently been shown to
affect DDFs. An extensive review of 66 publications
concluded that diet isotopic value had a significant impact
on DDFs and recommended the use of diet-dependent
discrimination factors.'® In addition, DDFs were shown to
decrease linearly with increasing 8'°N in the black fly,
Simulium vittatum 1S-7.'° However, this study stated that
the negative 8'°N DDFs could be due to elimination
processes such as molting or elimination of feces, lower
assimilation of food due to high metabolism and growth
rates, and differential assimilation of diet components.'®
Therefore, there is a need to perform controlled laboratory
studies to determine the relationship between diet isotopic
value and diet discriminations.

Copyright © 2010 John Wiley & Sons, Ltd.
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The objective of this study was to estimate DDFs across
a range of 3°C and 3'°N values in food for a fish
under controlled conditions. To quantify this relationship,
we developed a series of experimental foods of consistent
composition over an exceptionally wide range of 5'°C and
3'°N that would unambiguously determine whether DDFs
are concentration-dependent. The 3'3C values of the food
in this study were in the range of values (—22.9 to —6.6%o)
seen naturally in the environment but the 3'°N of the food
ranged from values seen in the environment (6.5%o) to much
higher values (1586%o). This range of stable isotope values
permitted strong inferences to be made about the relation-
ship between diet stable isotope value and DDF, and avoided
the difficulty in selecting suitable diets with variable
3'°N. Using enriched 3'°N has not biased results in other
studies,'”"!® and the 5'°N values in this study are well within
the range where the relationship of 3'°N with %'°N remains
linear." The guppy (Poecilia reticulata) is an ideal organism to
use for this study due to its small size, which allows it to
come into equilibrium with the stable isotope values of a new
diet relatively quickly (see Fig. 1).
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Figure 1. Treatment F stable isotope values for (a) 3'*C and
(b) 8"°N in guppies (each point is the mean + SE, n=3) fed a
maggot diet (3'*C=-6.6+0.4 and "N =15864+39.0).
Dashed lines indicate the (a) '®C and (b) 8'°N values of
the food.

Copyright © 2010 John Wiley & Sons, Ltd.

EXPERIMENTAL

Fish and aquarium

A total of seven treatments were used for this study. All
guppies were held in quarantine for a minimum of 4 weeks
prior to the start of the experiment and were fed TetraMin
Tropical Flakes in order to establish a common dietary
baseline and to allow the fish to acclimate to their
surroundings. The aquaria, 20 L, were exposed to a 12-h
light and 12-h dark cycle, the dechlorinated water was held
at a constant temperature of 25°C and the aquaria were
thoroughly cleaned biweekly with approximately one-third
of the water being replaced. Approximately 10 guppies were
held in each aquarium at the start of the experiment and
multiple aquaria were assigned to each treatment.

Food preparation

Two types of basic food were used for this study, TetraMin,
a standard commerical fish food, and pulverized maggots.
Maggots, Ophyra aenescens, were selected as a food source
because their stable isotope values can be manipulated
without creating biases in amino acid composition, which
can influence stable isotope dynamics.”> An adult fly colony
was established using wild caught flies from the Windsor-
Essex area of Ontario, Canada. Flies were maintained in
the lab with a diel cycle, 16(on) eight (off), at a humidity of
50-60% and temperature of 21-22°C. The flies were fed water
and sugar ad libitum and held until gravid, at which time they
were given a small amount of No Name Meat Mix (Loblaws
Companies Ltd., Brampton, Canada) dog food with no
chemicals added on which to lay eggs. The maggot eggs were
transferred into 1-L glass mason jars containing paper towels
and one of three different rearing treatments.

Isotopically distinct control and treatment maggots were
created by raising maggots on dog food that either had no
chemicals added (called control maggot treatment) or approxi-
mately 0.25g each of non-labeled sodium acetate (99.0%,
Sigma-Aldrich Inc., St. Louis, MO, USA) and ammonium
chloride (99.9%, ]J.T. Baker, Phillipsburg, NJ, USA) added to
624 g of dog food (called low maggot treatment); or 0.25 g °N-
enriched (99%) ammonium chloride and "*C-enriched (99%)
sodium acetate (Cambridge Isotope Laboratories, Andover,
MA, USA) (called high maggot treatment). The mixtures were
left to stand for a minimum of 6 days prior to adding the
maggots, to allow bacteria present in the mixture to absorb the
chemicals that had been added. The maggots were allowed
to feed ad libitum on the dog food until the pre-pupal stage
of development. During this time, the maggots were
monitored to ensure an adequate moisture level, food supply,
and maggot density. Once, they reached the pre-pupal stage,
the maggots were collected and allowed to wander without
food until the contents of their gut had emptied.

After emptying their guts, the maggots were frozen for
24h, washed and freeze-dried for 48h in a VLP200
ValuPump freeze drier (Thermo Savant Instruments Inc.,
Holbrook, NY, USA). The maggots were pulverized using
a mortar and pestle and frozen until fed to the fish. Seven
different foods were used that consisted of six maggot diets
with varying stable isotope values and a single TetraMin diet
(see Table 1). The 8'°C and 3'°N values of the different foods
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Table 1. DDFs and values of '3C and 3'°N of the food for treatments A through G (mean + SE). See Experimental section for

details
Treatment Food composition Isotope Food 8"°C or 3"°N n DDF
Maggots only
A Control 3N 65+0.2 6 6.02+0.6
31%C —20.0+0.1 0.140.1
B Low 31N 82+02 7 71422
dC —19.5+0.04 0.03+0.1
C 10% High, 90% Control 31°N 151.7 + 68.7 9 —544+74
A3C ~18.6+0.6 —04+0.1
D 50% High, 50% Control 3N 747.1+151.8 10 —491.34+20.4
3'3C —1424+1.0 —3.6+03
E 90% High, 10% Control 31N 1154.8 +65.9 8 —729.3426.2
dC —10.7+0.5 —53+0.2
F High 31°N 1586 +39.0 6 —849 +43.6
31%C —6.6+0.4 -7.0+0.3
TetraMin only
G TetraMin 31N 82408 9 29404
dC —22.9+0.05 1.1+0.1

were measured two to three times throughout the exper-
iment and these values did not differ significantly for
3'°N or 8'°C for any of the food types (data not shown).

Protocol
Of the seven treatments (see Table 1) used for this study,
six involved a diet consisting of only maggots (treatments
A-F) and one involved a diet consisting of only TetraMin
Tropical Flakes (treatment G). Treatments A, B and F
represent the control, low, and high maggot diets while
treatments C, D and E represent mixtures of the control and
high maggots (proportions of each mixture are given in
Table 1). All fish were fed a consistent amount of food
six days a week and the treatments were maintained until
the stable isotope values in the fish came into equilibrium
with their diet. The stable isotope values were monitored for
the fish throughout the experiment to determine when they
had reached an apparent steady state (isotope values
remained constant across multiple sampling days) with
the diet (see Fig. 1 as an example). Six to ten fish from each
treatment were sampled over multiple days to calculate
DDFs once the fish had come into equilibrium with their diet.
The guppies were sacrificed using a lethal dose of MS-222
(Finquel, Redmond, WA, USA), and weight, standard and
total length measurements were recorded. The gastrointes-
tinal tract of each fish was removed under a dissecting
microscope, in order to ensure that undigested food would
not interfere with the stable isotope values recorded.

Stable isotope analysis

Prior to stable isotope analysis, samples were freeze dried for
48h and pulverized with a stainless steel spatula. The
samples were weighed into 0.5 mg tin capsules and analyzed
with a Delta V Advantage isotope ratio mass spectrometer
(Thermo Electron Corporation, Bremen, Germany) and 4010
elemental combustion system (Costech Instruments, Valen-
cia, CA, USA). Every tenth sample was run in triplicate and
lab and National Institute of Standards and Technology
(NIST, Gaithersburg, MD, USA) reference standards were
used for quantification. The analytical precision based on the

Copyright © 2010 John Wiley & Sons, Ltd.

standard deviation of an internal lab (fish muscle) and NIST
standard 8414 (bovine liver) for 8'°N ranged from 0.14%, to
0.21%o, respectively, and for 3'°C ranged from 0.05%o to
0.08%o, respectively, during the analysis of these samples.
The analysis of NIST standards (sucrose and ammonia
sulphate; n=3 for each) during the sample analysis
generated values that were within 0.01% and 0.07%. of
certified values for 8'°N and §'3C, respectively. The stable
isotope values are conveyed in 8 notation using the following
equation:

X = [Rsample/Rstandard)_l] %1000

where X is ®C or ®™N and R is the ratio of *C/*C or
>N/™N. The lipid contents were normalized mathemat-
ically using the equation suggested by Post:?!

613Cnormalized = 813Cuntreated*3~32 +099 xC:N

Statistical analyses

The growth rate was calculated as g=In(Wy/W,)/t,
where W; is the weight at the time of sampling (g), W, is
the initial weight at the start of the experiment (g) and t is
time (days). All statistics were calculated using Sigmastat 3.5
(Systat Software Inc., Point Richmond, CA, USA). A simple
least-squares linear regression was applied to a plot of food
isotopic composition against DDF in order to determine the
relationship between these two variables. A t-test was used
to compare DDFs of guppies fed different food types.

RESULTS

General health and growth

Fish grew throughout the experiment at a rate of 0.01 g day '
across all treatments. Although most of the fish appeared
to be in good health throughout the experiment, approxi-
mately 20% of the fish died of natural causes, which is a
normal rate for aquarium-held guppies (unpublished data),
and had to be removed. Differences in mortality among
aquaria were very minor, differing only by approximately
1-2 fish deaths per treatment.
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Figure 2. Relationship between DDFs (mean+ SE) and
(a) 8'°C and (b) 5'°N values in the guppy food for treatments
A through F (maggots only). Lines represent linear regression
for (a) 8'3C (DDF =—11.07 — (0.56 x 8'3Cyier); *=0.94, p
<0.001) and (b) 3N (DDF=1.44 — (0.59 x 8"*Ngic);
r*=0.95, p <0.001).

Diet discrimination factors

All seven treatments achieved an apparent steady state
with the diet, based on constant stable isotope values across
multiple sampling days (see Fig. 1). The diet discrimination
factors ranged from —7.0+0.3 to 1.1+0.1%0 for 3'°C and
from —849 +43.6 to 7.1+ 2.2%o for 3'°N depending on food
type and stable isotope value of the food (see Table 1), and
had a significant negative relationship with the 8'°C and
3'°N values of the food (see Fig. 2).

The food 3'°N values were similar for treatment B
(maggots) and treatment G (TetraMin) allowing for com-
parison among DDFs from differing food types. However,
the C:N ratio differed for the two food types (See Table 2).
The DDFs were significantly higher (see Table 1) for
treatment B than for treatment G (t=2.222, p=0.045). The
food 3'3C values were not similar among treatments;
therefore, a comparison of DDFs could not be made.

Lipid-normalized §">C values

Caution must be used when applying stable isotopes to
tissue with high lipid contents because the low 5'°C values in
lipids compared to other tissues may bias interpretation.** In

Copyright © 2010 John Wiley & Sons, Ltd.

Table 2. Lipid-normalized $'®C DDFs and lipid-corrected
3'3C of the food (mean=+SE) with C:N (mean + SE) for
treatments A through G

Treatment  Food 3"°C Food C:N DDF Guppy C:N
A —158+0.2 76405 -17+03 56+0.2
B —1554+0.2 74+0.6 -14+04 54402
C —149+04 72402 -12+05 6.4+04
D -9.8+0.8 77+03 —4.9+0.6 6.54+0.5
E —6.8+0.5 73+£03 —6.6+0.4 6.0+0.4
F -2.8+0.3 72+0.6 —-83+0.4 5.0+0.2
G —20.84+0.056 5540.05 0.3+0.1 42+0.1

general it is not necessary to correct for lipid content when
the C:N ratio of the tissue being sampled is below 3.5 for
aquatic animals.?" Since the C:N ratio of the guppies ranged
from 4.2+ 0.1 to 6.5 £ 0.5 in this study (see Table 2), the 3¢
values were lipid-normalized.”’ A negative linear relation-
ship between lipid-corrected food 8'°C and lipid-corrected
DDF was also observed (see Fig. 3). The slope of this
relationship (slope = —0.57 4 0.04, r* = 0.80) was very similar
to the slope reported for the non-lipid-corrected data
(slope=—0.56+0.2, 2 =0.94).

DISCUSSION

The results of this study clearly demonstrate that DDFs are
dependent on diet, in terms both of the isotopic composition
of the food and of the food type. Although some DDFs were
within the range of typically reported values (e.g., 2.9%o for
3N and —0.4 to 1.1%o for '3C), not all treatments followed
this trend. Guppies fed a diet that consisted of a highly
enriched food displayed DDFs much more negative than
previously reported values,”'""'> demonstrating that organ-
isms fed a diet with high 3'°N or 3"°C values will be more
depleted in the heavy isotope than their diet. Negative DDFs
have also been reported for other organisms including the
winter flounder, Pseudopleuronectes americanus,® black fly
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Figure 3. Relationship between lipid-corrected DDFs (mean
+SE) and lipid-corrected 3'3C values in the guppy food
for treatments A through F (maggots only). Line represents
linear regression (DDF = —10.21 — (0.57 x 3"®Clipia correctea
Food); I*=0.80, p <0.001).
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larvae, Simulium vittatum IS-7,'° and the rat, Rattus rattus.>*
Therefore, DDFs are dependent on the isotopic composition
of the diet, varying more widely among organisms than is
currently assumed.

Typically, a single DDF value, based on published reviews,
is used in food web studies involving the stable isotopes of
carbon and nitrogen.25’26 However, the DDFs used in those
studies did not take account of the influence of diet 8'°N and
8'3C values. In this study, the DDFs decreased linearly with
increasing 8'°C and 8'°N values of the food. This negative
relationship between DDFs and the 8'°C and 8'°N values of
the food has also been reported for black fly larvae'® and
rats.?* A recent study by Caut et al.,'® which consisted of an
analysis of 66 reviewed publications, concluded that diet
appears to have a strong influence on DDFs. Our study
showed that the relationship between DDFs and §'°C or
8'°N of the food is very strong (r* >0.94) when the organism
is fed a constant food source. The slope of the regression lines
for DDF and 8'°C in the food (—0.56 +0.02) and the slope of
the regression line for DDF and 3'°N in the food
(—=0.59£0.02) were similar but more negative than the
slopes reported for organisms in the review by Caut et al.,'”
which ranged from —0.417 to —0.113 for 8°C and —0.311 to
—0.141 for 3'°N. The C:N ratio of the maggot diet was
consistent among treatments (see Table 2) demonstrating
that diet quality was maintained across all treatments used
for the regression analysis. For this reason, TetraMin was not
used for the regression analysis.

Although some of the 8'°N values used in this study were
outside the range usually seen in the published literature,
high 3"°N values in the food were used to establish the
relationship between the 8'°N value of the diet and DDF and
to avoid potential problems with a smaller range and the
difficulty of selecting similar diets with variable 8'°N values.
Even within an environmentally relevant 315N range, the
DDFs were found to vary by over 10%o according to the
regression obtained in this study. To our knowledge there are
no studies suggesting that the use of '’N-enriched foods may
influence stable isotope dynamics and the use of enriched
values in previous studies has not proved to be a
problem.17'18 In addition, the 3'C values were well within
the range found in the environment and the similarity in the
regression slopes between 8N and §'°C suggests that
similar processes are operating for both isotopes at high
concentrations of >C and N in the food. Finally, the
similarities in the DDF isotope values in the food slopes in
our study and in those of Caut et al.,'” which used DDFs
from studies in the wild, provides evidence that our enriched
3'°N values in the food did not influence the behavior
or the DDFs calculated. We can think of no plausible
mechanism by which highly enriched foods would be
unduly biased relative to natural foods; therefore, our
results clearly demonstrate that DDFs are concentration-
dependent.

The mechanism underlying the negative relationship
between diet 5'°N and $"°C values and DDF is not well
understood. Fractionation of stable isotopes occurs through a
dynamic balance of absorption from the gut and excretion
through the formation of excretory products.”’” Since the
lighter isotope typically reacts faster chemically,” the product

Copyright © 2010 John Wiley & Sons, Ltd.
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absorbed from the gut will be isotopically lighter than the
food. An organism feeding on a food source with a very high
8'°C or 3'"°N value may absorb and break down a lower
portion of the compounds containing the heavy isotopes
present in an enriched food than in a more depleted food.
The product that is assimilated from the gut is then subject to
metabolic processes typically responsible for the enrichment
in stable isotope values between an organism and its diet but
from a substrate pool that is isotopically-depleted relative to
the ingested food. If this is the case we would expect the feces
to be enriched in °Nj; Checkley and Entzeroth?® showed that
the feces of copepods was isotopically heavy compared with
their diet and Overmyer et al.'® also observed very high
8'°N values for the feces of black fly larvae. This is analogous
to parasitic organisms that have an abundance of food (the
host organism); the parasite is not able to absorb all of the
potential food sources and a disproportional amount of the
compounds containing the light isotope is absorbed because
it is more reactive than the heavy isotope.?” Alternatively, the
differential distribution of heavy and light isotopes in the
maggot tissue, due to isotopic routing, followed by the
guppy’s preferential assimilation of certain tissues could
contribute to the difference in DDFs observed.”*

If DDFs are dependent on the food 8'*C and 8'°N values,
designers of studies applying stable isotopes to natural
systems must be sure that the DDFs used reflect the diet
313C and 8N values of the food. If this is not done, the
results of isotopic modeling and the interpretation of diet
reconstruction studies may be biased, particularly where
prey stable isotope values span a wide isotopic range. This
study also has implications for research employing >NH, as
a tracer to study nitrogen cycling within an ecosystem.> > In
these studies, very high 8'°N values are often observed that
could bias both reported results and comparisons among
different experiments.'®

As observed elsewhere, the food type also influenced the
DDFs observed for 8'°N. When comparing the 8'°N DDFs for
treatment-fed maggots and the TetraMin diet with similar
5!5N values (treatment B compared with treatment G), the
treatment-fed maggots had a higher DDF than those
typically reported while the 8'°N DDF for the treatment
involving TetraMin only was very close to the range of 3 to
5%0 commonly used in the literature."” Using the C:N ratio as
an estimate for the protein content of the diet, it appears that
the protein content of the diets could account for the
discrepancy in DDFs observed for these two treatments since
the C:N ratio differed between the maggot and TetraMin
diets. Previous studies have shown opposing results for the
influence of protein content on DDFs. For example, Focken®*
and Pearson et al. *® found that the 5'°N DDFs increased with
protein consumption for Nile tilapia, Oreochromis niloticus,
and wild yellow-rumped warblers, Dendroica, coronate,
respectively. Conversely, Tsahar et al.*® found that yellow-
vented bulbuls, Pycnonotus xanthopygos, had higher
3'°N DDFs when fed a lower protein diet than when fed a
higher protein diet and Webb et al. ¥ found that locusts,
Locusta migratoria, had higher 8'°N DDFs when fed a low-
quality maize diet than when fed a higher quality wheat diet.
In addition, Robbins et al. *® found no significant relationship
between protein content or C:N and DDF.
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In the current study, the TetraMin Tropical Flakes are
specifically designed to provide fish with a nutritionally
balanced diet and are probably more representative of the
guppy’s natural diet than maggots. Since the TetraMin diet
displayed a lower C:N value than the maggot diet, this
suggests that the TetraMin diet has a higher protein content.
Webb et al. * attributed the higher DDFs for the low-quality
maize diet to substrate recycling. If the maggot diet represents
a suboptimal diet for the guppy, substrate recycling may
also be responsible for the higher DDFs observed for fish
fed the maggot diet. Therefore, the DDFs calculated from the
regression analysis obtained in this study may be higher than
the DDF for a guppy feeding in the wild. Nevertheless, the
negative relationship between DDF and food 8N values
remains.

CONCLUSIONS

This study has experimentally evaluated the DDFs of
3'°N and 8"°C in guppies and has profound implications
for the application of stable isotopes in other organisms.
DDFs were found to depend both on the 8"°N and 8"°C values
of the diet and on the food type. Although the negative linear
relationships between DDF and diet 8"°N and 8'°C values
provides an initial estimate of how DDFs may vary through a
food web, additional research is warranted to determine this
relationship in other species. Reliable DDFs that have been
tested under controlled laboratory experiments should be
acquired before stable isotopes are applied in the field to
investigate diet and food web interaction. Furthermore, the
DDFs were found to differ depending on the food type,
demonstrating that food protein content may influence DDFs.
Overall, our findings highlight the considerable need for more
controlled laboratory experiments to interpret stable isotopes
dynamics in the field and to understand the mechanism
underlying the relationships observed.
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