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Abstract The ecology of many Neotropical
fishes is difficult or often impossible to study
during rainy seasons. Thus, ecological studies of
tropical fishes are usually performed on fish cap-
tured only during dry seasons. Because otoliths
preserve a record of life history, this study eval-
uated the utility of otolith stable isotope values
for the investigation of trophic ecology of Neo-
tropical fishes (specifically herbivorous loricariid
catfish) throughout their lives. Because plant
dietary materials have 6'°C values that are
determined by their photosynthetic pathways,
metabolism and environmental conditions, dif-
ferent plants may impart different isotope values
on fish otoliths that reflect consumption of these
plants. The 513C(Otomh) values of xylophagous
Panaque nigrolineatus captured in the field were
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significantly lower than those of algivorous Hyp-
ostomus regani from a nearby region. A labora-
tory experiment wherein Hypostomus sp. had
513C(0t0mh) values that reflected the 6'>C values of
their plant diet and additional evidence indicate
that 513C(0t0mh) values in loricariid catfish otoliths
can record dietary history.

Keywords Otolith - Loricariidae - Panaque -
Hypostomus - §'*C - Herbivorous

Introduction

Loricariid catfish are found exclusively in fresh-
water ecosystems of the Neotropics (Schaefer
1987; Nelson 1994). Although this family is one of
the most diverse fish families in the world (with at
least 100 genera and more than 680 described
species (Isbriicker 2002)), little is known about
their phylogenetic relationships, physiology, pop-
ulation biology or trophic ecology (Power 1984;
Schaefer 1987; Agostinho et al. 1995; Mol 1995;
Armbruster 1997; Nelson 2002). This taxonomic
diversity, that appears to have occurred almost
exclusively at lower trophic levels, coupled with
regionally high loricariid densities (Vanni et al.
2002), indicates that this loricariid radiation is an
interesting evolutionary event. Morphological
novelties such as dermal plates, ventral sucker-
like lips, jaw musculature, and tooth morphology
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were certainly important to the evolutionary suc-
cess of the loricariids (Schaefer and Lauder 1986,
Schaefer and Stewart 1993). However, studies of
loricariid trophic ecology will be necessary to
better understand this interesting radiation as well
as to understand nutrient dynamics in many
tropical stream systems (Flecker et al. 2002).

Most herbivorous fish derive their energy from
autochthonous carbon that is fixed in the water
column (Opuszynski and Shireman 1995), but
some loricariids may specialize in allochthonous
carbon from terrestrial vegetation (Araujo-Lima
et al. 1986; Yossa and Araujo-Lima 1998, 1999)
and at least one genus, Panaque (Eigenmann and
Eigenmann 1889), may utilize only allochthonous
carbon sources. Both field observations and lab-
oratory experiments have shown that Panaque
actively utilize wood in their diet and have shown
positive growth on wood only diets (Schaefer and
Stewart 1993; Nelson et al. 1999; Nelson 2002).
Fish specializing on allochthonous carbon have
been described, but generally these fishes target
specialized lower-fiber plant tissues such as
leaves, fruits, and nuts. Digestion of wood as a
trophic strategy has not been described in other
bony fishes. Therefore, because wood-eating
loricariid catfishes like Panaque sp. (and perhaps
Cochliodon sp.), occupy unique niches in Neo-
tropical ecosystems, studies of their trophic ecol-
ogy will undoubtedly yield biological insight. In
addition, because loricariids often exert consid-
erable influence on tropical stream nutrient
dynamics (Vanni et al. 2002), study of their tro-
phic ecology may yield greater understanding of
tropical stream ecology.

Plant materials have distinct stable carbon
isotope values that are determined by their pho-
tosynthetic pathways (e.g. Wickman 1952; Craig
1954), and a variety of environmental factors (e.g.
Ehleringer et al. 1993). Plants that rely on the C4
carbon fixation pathway display a range of values
that are centered around -12 to -14%, VPDB,
compared to plants that utilize the C; carbon
fixation pathway that generates tissue with lower
values (-25 to —28%, VPDB). Aquatic particulate
organic carbon (POC) and phytoplankton in the
Amazon have 6"°C values that may be even lower
than those of C; macrophytes (i.e. —-33.3%,VPDB,
Araujo-Lima et al. 1986). Metabolically inert
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otoliths store information in the ratios of trace
elements and isotopes that provide records of the
environment and physiology throughout the en-
tire lifetime of the fish (e.g. Campana 1999).
Because fish otoliths have been demonstrated to
preserve a record of diet and metabolism (e.g.
Radtke et al. 1996; Weidman and Millner 2000;
Carpenter et al. 2003; Wurster and Patterson
2003; Wurster et al. 2005; Solomon et al. 2006,
Jeff P. Chanton [Florida State University] per-
sonal communication), it is proposed that loric-
ariid otoliths could store a record of dietary
history. Otolith formation is regulated by macular
cells that secrete calcium into the endolymphatic
fluid surrounding the otoliths (e.g. Campana and
Neilson 1985). Both metabolically-derived carbon
and dissolved-inorganic carbon (DIC) are incor-
porated during calcium deposition (Kalish 1991a;
Waurster and Patterson 2003; Wurster et al. 2005;
Solomon et al. 2006). Thus, inorganic components
of fish otoliths may serve as both an inter- and
intra-annual secular record of the fish’s bio-
chemical status. Milling of this structure can
provide time-specific samples that yield a secular
0"3C record of animal metabolism and/or diet.
Heterotrophic tissue values tend to be consistent
with, though higher than 513C(diet) values (Minson
and Ludlow 1975; DeNiro and Epstein 1978;
Araujo-Lima et al. 1986). This relationship has
been used in a diverse and growing number of
trophic physiological and ecological studies
(Kelly 2000). Amazonian phytoplankton, macro-
phytes and terrestrial materials tend to differ
from each other in 6°C values (Araujo-Lima
et al. 1986) indicating that differences in loricariid
catfish diets could be recorded in their 6"*Cotorith)
values. Because many species are inaccessible for
study during lengthy rainy seasons, otoliths pro-
vide the potential for yielding trophic information
unavailable from traditional stomach content
analysis or soft-tissue 0'°C analysis.

One objective of this study was to determine
whether otolith isotope chemistry could differ-
entiate between species of loricariid catfish from
similar geographic regions that were likely eating
different items in the field. A second objective
was to determine the correspondence of
513C(0t01ith) values to various 513C(Diet) values in
laboratory-reared loricariids.
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Materials and methods
Field-collected otolith analysis

All field-captured fish were sacrificed by an
overdose of the anesthetics MS-222 or benzo-
caine. Otoliths were then extracted from indi-
viduals of the two loricariid species: (1) Panaque
nigrolineatus, a known wood-eating loricariid, was
recovered by hand from the wood it was foraging
upon (22 fish; 5-9 July 2001, Rio do Peixe, Aru-
ana, Goias, Brazil), and (2) algivorous Hyposto-
mus regani captured by cast net (14 fish; 9 March
2001, Rio Mogi-Guacu, Pirassununga, Sao Paulo,
Brazil). After measuring total length and wet
weight, sagittal otoliths were recovered from the
fish by dissection, fixed to a standard glass slide,
polished, and micromilled as described by Wur-
ster et al. (1999). Estimated sample masses were
>13 pg for H. regani and =20 ng for P. nigroline-
atus otoliths.

Laboratory experiment

This experiment consisted of raising Hypostomus
sp. on monotypic diets with distinctive d"°C val-
ues. Populations of loricariids will consume and
grow in the laboratory on virtually any commer-
cially available algae, fruit, or vegetable (Nelson
2002). About 48 juvenile Hypostomus sp. ranging
from 5 to 8 cm in total length were purchased
from aquarium wholesalers and transported to
the laboratory on 2 May 2 2001. About 12 indi-
viduals were randomly assigned to one of four
dietary treatments: (1) maize, Zea mays (corn), a
C,4 plant with relatively high 6'°C value of —11.4%,
VPDB; (2) commercially obtained freshwater al-
gae, Spirulina sp., 6"°C =-23.8%, VPDB; (3)
broccoli, Brassica oleracea, 6>C = -30.0%,
VPDB; and (4) a C; wood, red maple, Acer ru-
brum with 6"°C = -27.0%, VPDB. In addition we
determined §'*C values of a coconut wood,
Scheelea phalerata 5°C = -26.0%, VPDB. This
was the actual wood all P. nigrolineatus were
captured foraging upon and comprised the dom-
inant gut content.

A total of 12 tanks (four fish/tank and three
replicate tanks were used for each dietary treat-
ment) were aerated continuously and water

changed on a regular basis to minimize environ-
mental differences among tanks other than diet.
Naturally occurring algae were excluded from the
diet by completely covering all the tanks with
opaque material and muting the lights in the
room. Temperature was kept at 28°C throughout
the experiment. All Hypostomus sp. on the red
maple diet gradually died over the first 5 months
of the experiment. Hypostomus sp. were not ex-
pected to live long on a wood only diet since they
were previously unable to exhibit positive growth
on a wood-only diet in the laboratory (Nelson
2002). After 9 months on the monotypic diets,
surviving fish were sacrificed by an overdose of
anesthetic, and otoliths removed and prepared for
isotope analysis. The four longest-lived Hyposto-
mus sp. from the wood only diet treatment were
also analyzed. The otoliths from the laboratory
experiment were too small to micromill (less than
1 mm in diameter). Thus, whole otoliths from this
experiment were subjected to stable isotope
analysis.

Stable isotope analyses

Milled otolith samples or whole otoliths were
placed in stainless steel capsules and roasted in
vacuo for 1 h at 200°C to remove any volatiles
that may interfere with analyses. Samples were
reacted with 103% phosphoric acid at 70°C in a
Finnigan “Kiel-1II"’ carbonate preparation device
directly coupled to a Finnigan MAT 252 gas ratio
mass spectrometer. Calibration of §'*C values was
maintained by daily analysis of carbonate stan-
dards that bracket the sample values.

Dietary items were loaded into tin capsules and
stable isotope values were obtained using a
Thermo Finnigan Flash 1112 EA coupled to a
Thermo Finnigan Delta Plus XL via a Conflo III
interface. Samples are dropped under helium into
an oxidation furnace packed with chromium (VI)
oxide and silvered cobaltic/cobaltous oxide (to
remove any halogens) at 1000°C. Organic mate-
rial is oxidized to carbon dioxide and various
nitrogen gases. This gas is then passed through a
reduction furnace packed with elemental copper
at 680°C to reduce all nitrogen bearing com-
pounds to pure gaseous nitrogen. The resulting
gases are then passed through a water trap to
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eliminate moisture. A GC column at 50°C then
follows to separate carbon dioxide and nitrogen
gases for analysis in the mass spectrometer. Car-
bon isotope ratios are corrected for '"O contri-
bution and reported in per mil notation relative to
the VPDB standard. Nitrogen isotope ratios are
reported in per mil notation relative to AIR.
Precision and calibration of data are monitored
through routine analyses of in-house standards
that are calibrated using IAEA standards. Accu-
racy of 0"°C and 6"°N measurements are 0.29%,
and 0.3%,, respectively, based on IAEA calibra-
tion standards. Precision is 0.06%, and 0.209%,,
respectively (one sigma).

All statistical analyses were performed with
MINITAB for Windows, version 12.2 except for
the repeated measures ANOV A with subsequent
Scheffe’s test that were performed with STAT-
ISTICA for Macintosh, version 4.1 after testing
the data for assumptions of normality and
homogeneity of variance.

Results
General

Although there were several wood species sub-
merged on the river bottom, P. nigrolineatus were
found exclusively on a species of coconut tree,
Scheelea phalerata (513C(w00d) = -26.0%, VPDB).
A systematic assessment of gut contents was not
made, but during the dissection of P. nigrolineatus
gastrointestinal tracts, the only apparent stomach
contents were wood shavings. The guts of all H.
regani were filled with uniform green slurry,
presumably comprised primarily of algae.

Field-collected otoliths

Otoliths of both species of loricariid were very
delicate and small regardless of fish body size
(Fig. 1). The average number of growth rings
from the field collected P. nigrolineatus was
15.2 + 3.76 SD and that of H. regani was 8.3 = 2.3
(Table 1). Wet and dry seasons alternate once per
year at the field sites, so that each otolith ring is
thought to represent an annual growth ring.
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Fig. 1 A Panaque nigrolineatus otolith under the light
microscope (x80). The long oblique arrow at the center of
the otolith shows the loss of ring structure after a polishing
step. The transparent plate overlap can be seen on the
right side of the otolith. Short vertical arrows show the
edge of each growth plate (eleven arrows in the image)

Accordingly, this suggests that growth rates for
these two loricariid catfish species are low. The
reported maximum size for each species is 43 cm
for P. nigrolineatus (Fisch-Muller 2003) and
30 cm for H. regani (Baensch and Riehl 1991).
Thus, these loricariid catfish are presumed to be
long-lived to achieve such large body sizes despite
low growth rates. A total of 12 P. nigrolineatus
and 7 H. regani had complete data for age and
513C(0mﬁth) values. These data were used to test
the relationship between 513C(0tolith) and other
parameters. There were positive correlations be-
tween body length and weight (P < 0.05) but no
correlations between the size of the fish (Ilength or
weight) and the number of growth rings
(P > 0.05) in both species (Table 2). The size of
the fish was not a good predictor of fish age,
suggestive of large variation in growth rates.
Mean 513C(0t0mh) values of fish did not correlate
with body length, weight, or age rings for either
species (P > 0.05) (Table 2).

0 BC(otolith) values of P. nigrolineatus were
normally distributed, while those of H. regani
were not. Because of the significant heterogeneity
of variance, a Kruskal-Wallis test was used to
ascertain that mean 513C(0t0mh) values for P.
nigrolineatus and H. regani were significantly
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Table 1 (i) Summary of measurements on field-caught
Panaque nigrolineatus (** otoliths of Fish# 2 and 16 were
not successfully removed in the field dissection;
2 613C(m0mh) values of eight additional fish were not
obtained. “St Dev” is standard deviation). (ii) Summary of

measurements on field-caught Hypostomus regani.
(*3 otoliths of Fish# 1, 2, 3, 4, 11, and 14 did not show
the growth ring structure due to poor crystallization or
damage; s 513C(0mmh) values of Fish# 1, 2, and 5 were not
obtained. “St Dev” is standard deviation)

Min Max Mean St Dev n

()

Length (cm) 20.50 312 27.14 £2.50 22
Weight (g) 250.0 570.0 406.5 +89.9 22
Growth rings 10.0 22.0 15.15 +3.76 20%!
3"Cototith) (%) -15.1 -13.8 -14.4 +0.35 122
(ii)

Length (cm) 13.0 23.0 18.49 2.4 14
Weight (g) 46.0 275.0 144.0 +58.2 14
Growth rings 4.0 11.0 8.25 +2.3 g3
3"Cototith) (%) -12.5 -8.8 -10.7 £13 11

Table 2 (i) Summary of correlations between measurements of Panaque nigrolineatus (probability is in parentheses). (ii)
Summary of correlations between measurements of Hypostomus regani (probability is in parentheses)

Welght # of growth rings 613C(Ololith)
i) Panaque nigrolineatus
Length 0.84 (0.00) 0.37 (0.17) -0.34 (0.22)
Weight NA 0.30 (0.29) -0.14 (0.61)
# of growth rings NA NA -0.37 (0.18)
(ii) Hypostomus regani
Length 0.97 (0.00) 0.34 (0.45) -0.15 (0.74)
Weight NA 0.37 (0.41) -0.08 (0.87)
# of growth rings NA NA 0.15 (0.75)

different (Hp 47) = 35.28; P < 0.001). Since the
micromilling technique gives serial samples going
back in time, another way to examine these data
is to treat them as repetitive samples of individ-
uals. Repeated measures ANOVA demonstrated
no significant correlation between fish age and
513C(otomh) values in either species (Fig. 2;
Fapg) = 0.045; P =0.956), yet the otolith §"°C
values differed again between species by this
analysis (Fj114)= 8.19; P < 0.05). Panaque nigr-
olineatus displayed 513C(0t0mh) values of approxi-
mately —14 to —159%, that were relatively uniform
throughout life, whereas 513C(Otolith) values of
H. regani ranged from -9 to -129/, and showed
varied patterns of change with age (Fig. 2).

Laboratory diet experiment

There were no significant differences among the
three tanks within each dietary treatment so data

from the three replicate tanks were pooled for
each treatment. Feeding Hypostomus sp. different
diets generated 513C(0t0mh) values that mirrored
the differences in 6" Cldiet) values (Fig. 3). A plot
of 513C(0t0mh) as a function of 513C(dict) for
the laboratory experiment produced a linear
relationship (one-way ANOVA showed significant
differences between treatments (Fz34 = 695.02;
P < 0.001))(Fig. 4).

Discussion

Use of 6"*C values to uncover trophic information
from wild animals has a productive history and a
bright future (e.g. Kelly 2000). In combination with
other sources of information, stable isotope values
can provide information on the food web in the
community, intraspecific differences between
population diets or thermal history, metabolism, or
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Fig. 2 Stable carbon
isotope values of Panaque m 104
nigrolineatus (12 fish) @ a Pl
and Hypostomus regani (7 g
fish) O plotted against the S O H. regani
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Fig. 3 Relationship between 613C(dict) (circled symbols
(o), right ordinate. Corn = -11.49%,+0.09 (n=2),
algae = -23.8%, + 0.04 (n=2), red maple wood = -
27.0%, £ 0.02 (n=2), and broccoli =-30.0%, = 0.09
(n=2)) and 613C(m0mh) (cross symbols (+), left ordinate)
in laboratory reared juvenile Hypostomus sp. (23 fish;

even paleoclimate details for certain sites (e.g.
Radtke et al. 1996; Patterson et al. 1993; Hobson
et al. 1999; Zanden et al. 1999; Weidman and
Millner 2000; Carpenter et al. 2003; Wurster and
Patterson 2003; Wurster et al. 2005). Thus, the use
of carbon stable isotope information holds tre-
mendous potential for numerous applications in
biology, many of which are already being realized.

One of the advantages of measuring o3C (otolith)
in fish biology is that the information may be useful
in reconstructing the trophic history of the fish
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corn = -3.6%, = 046  (n=8), algae =-11.0%, = 0.55
(n=7), red maple wood=-10.5%,+ 048 (n=4),
broccoli = -11.89%, + 0.48 (n = 4)). Means and standard
deviations are plotted (standard deviations are smaller
than the symbols)

throughout its life. Traditional methods such as
stomach contents analysis can only provide dietary
information at the time of capture and 513C(ti55ue)
may only provide information about recent dietary
or metabolic history due to the faster turnover of
soft tissues (Tieszen et al. 1983; Jardine et al. 2005).
Thus, soft tissue represents an ephemeral recent
record whereas otolith carbonate preserves details
throughout the life of the organism.

The 63 Cotolitn) values of P. nigrolineatus and H.
regani ranged from -15.1%, to —8.8%,, relatively
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Fig. 4 Relationship between 5]3C(diel) and 5'3C(0lomh)
values (means) in laboratory reared juvenile Hypostomus
sp. (n = 23; O (from left; broccoli, wood, algae, and corn))
and field collected Panaque nigrolineatus and Hypostomus
regani (n = 12 and 7 respectively; ©). The least-squares
regression line and equation developed from the labora-
tory fish are also depicted. Palm wood was used as the
513C(die1) for Panaque nigrolineatus (left symbol) whereas
Spirulina sp. was used as the 513C(dm) for Hypostomus
regani (right symbol)

higher than the 513C(tissue) values reported for
other loricariid catfish (-309%, to -23.59%,; Forsberg
etal. 1993). It is known that 8'>C of fish otoliths can
be more enriched in '*C than that of tissue (Radtke
etal. 1996). Radtke et al. (1996) found that Atlantic
cod, Gadus morhua, showed approximately 15—
179, more positive 8'*C values in otoliths than in
muscle tissue, but the '°C relationships between
different diets and tissue or those diets and otoliths
were clearly related to each other. Our study ex-
tends these results to include herbivorous fishes
foraging on plant material. Although the magni-
tude of positive shifts in 513C(otolith) can be smaller
in freshwater species (Degens et al. 1969), herbiv-
orous loricariid catfishes have a variety of micro-
bial and fungal species in their gastrointestinal
tracts that degrade cellulose (Nelson et al. 1999)
that may also contribute to the relatively high
o3 Cootolitn) values for the loricariids reported here.

The 513C(0t0mh) values of field collected P. nigr-
olineatus and H. regani differed significantly by
3.7%, (Table 1 & Fig. 2). Because there were no
significant relationships between body size and age
and the environments were similar, the most likely
cause of this offset were differences in metabolic
status or diet. Since these are ectothermic species,
captured in the relatively stable climate between

16° and 22° S. latitude, differences in metabolic
rate due to temperature are expected to be mini-
mal. Furthermore, the fact that H. regani captured
from higher latitude (more southerly locale) than
P. nigrolineatus had a higher 513C(Otolith) value is
opposite to the usual latitudinal trends found in
other animals (Kelly 2000). The higher values are
expected given the lower temperatures and
therefore lower metabolic rate (e.g. Wurster et al.
2005) expected at higher latitudes. Additionally,
513C(0t0mh) values of all field collected P. nigro-
lineatus were invariant around -14 to -15 9,
throughout their life, while H. regani displayed
more variation between individuals during ontog-
eny (Fig. 2). These differences are suggestive of
distinctive ecologies involving either dietary shifts,
migration to new habitats, or seasonal tempera-
ture variability in H. regani only. The more narrow
range of P. nigrolineatus 513C(otomh) values (from —
15.1%, to —13.8%,) may reflect a relatively invariant
metabolism and/or diet throughout life.

The 9 months of controlled diet in Hypostomus
sp. generated significant differences in 513C(0tolith)
values (Figs. 3, 4). The corn diet, which had the
highest carbon isotope value (513C(com) =-11.4%,),
resulted in highest 513C(0t0mh) values. The other
diets likewise generated otolith carbon values
that reflect 513C(diet) values (Figs. 3, 4). Although
fish used in the maple wood treatment only lived
for 5 months or less it was sufficient to generate
distinctive 6 Clototitny Values (Fig. 3). Despite the
fact that the pre-experiment diet would have
contributed some of the carbon to our analysis,
9 months on a controlled diet was enough to
produce significant differences in fish otolith 6'°C
values. Similarly, Australian salmon, Arripis tru-
tta, showed a 3.0%, shift in the 3"*C oorin) value if
the 6"C(giery changed by 10.0%, (Kalish 1991b).

The relationship between 513C(0t0mh) and
513C(diet> values in laboratory-reared fish suggests
that differences between wild P. nigrolineatus and
H. regani 513C(0mmh) values resulted from species-
specific diets. Panaque nigrolineatus had only
wood shavings in its gut while H. regani had con-
sumed primarily algae at the time of dissection.
Although the §"*C of algae from the Rio Mogi-
Guacu is unknown, the fact that the mean
513C(Ot0mh) for the algivorous H. regani was almost
identical to the 513C(0t0mh) of Hypostomus sp.
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raised on Spirulina sp. algae in the laboratory is
intriguing (Fig. 4). Our conclusion is that
513C(Otolith) analyses were successful in confirming
that these two loricariid species from a similar
geographic region occupy different trophic niches.

Because a majority of research on Amazonian
fish biology has been dependent on sampling dur-
ing the dry seasons (Schaefer and Stewart 1993;
Tejerina-Garro et al. 1998; Flecker et al. 2002),
stable isotope techniques could improve the study
of trophic dynamics in the Neotropics by providing
year-round data on dietary and/or metabolic his-
tories. By distinguishing between two loricariid
species of known presumed dietary differences,
this study provides a simple example of the
potential use of these techniques in Neotropical
aquatic ecosystems. Indeed, the potential for
employing these methods to learn more about the
trophic ecology of the many loricariid species is
significant. Forsberg et al. (1993) estimated that
12.7-42.9% of total carbon in the diet of Amazo-
nian Hypostomus plecostomus was derived from
C, plants. Since macrophytes in the Amazon flood
plains are predominantly C, grasses (6°C = -
12.8%,) with a minor component of Cz plants
(6"3C = —27.6%,; Forsberg et al. 1993), the poten-
tial for identifying fish specializing on aquatic
macrophytes exists. Similarly, because Amazonian
algae 8"*C values can be so low (Araujo-Lima et al.
1986), monophagous fishes that are algivorous may
be readily distinguished. The results of the current
study encourage the use of otolith stable isotopes
to study trophic ecology of Neotropical fishes.

Acknowledgements We wish to thank Don Stewart for
invaluable assistance and discussion. We would also like to
thank Stewart and Karin E. Limburg for use of Otoli-
thology lab at the College of Environmental Science and
Forestry, State University of New York, and Chris
Wuester (Department of Geological Sciences, University
of Saskatchewan) for reviewing our manuscript. Funded by
NSF INT-0086474 to JAN and Towson University.

References

Agostinho AA, Matsuura Y, Okada EK, Nakatani K
(1995) The catfish, Rhinelepis aspera (Teleostei;
Loricariidae), in the Guaira region of the Parana
River: an example of population estimation from
catch-effort and tagging data when emigration and
immigration are high. Fish Res 23:333-344

@ Springer

Araujo-Lima CARM, Forsberg BR, Victoria R, Martinelli
L (1986) Energy sources for Detritivorous fishes in the
Amazon. Science 234:1256-1258

Armbruster JW (1997) Phylogenetic relationships of the
sucker-mouth armored catfishes (Loricariidae) with
particular emphasis on the Ancistrinae, Hypostomi-
nae, and Neoplecostominae. Ph.D. dissertation.
Urbana-Champaign, University of Illinois

Baensch HA, Riehl R (1991) Aquarien atlas. Bd. 3. Melle:
Mergus. Verlag fiir Natur und Heimtierkunde,
Germany

Campana SE, Neilson JD (1985) Microstructure of fish
otoliths. Can J Fish Aquat Sci 42:1014-1032

Campana SE (1999) Chemistry and composition of fish
otoliths: pathways, mechanisms and applications. Mar
Ecol Prog Ser 188:263-297

Carpenter SJ, Erickson JM, Holland FD Jr (2003) Migra-
tion of a late Cretaceous fish. Nature 423:70-74

Craig H (1954) Carbon-13 in plants and the relationship
between carbon-13 and carbon-14 variations in nat-
ure. J Geol 62:115-149

Degens ET, Deuser WG, Haedrich RL (1969) Molecular
structure and composition of fish otoliths. Mar Biol
2:105-113

DeNiro MJ, Epstein S (1978) Carbon isotopic evidence for
different feeding patterns in two hyrax species occu-
pying the same habitat. Science 201:906-908

Ehleringer JR, Hall EA, Farquhar GD (eds) (1993) Stable
isotopes and plant carbon-water relations. Academic
Press, London

Eigenmann CH, Eigenmann RS (1889) Preliminary notes
on South American Nematognathi, II. Proceedings of
the California Academy of Sciences 2(2):44

Fisch-Muller S (2003) Loricariidae-Ancistrinae (Armored
catfishes). In: Reis RE, Kullander SO, Ferraris CJ Jr (eds)
Checklist of the freshwater fishes of South and Central
America. EDIPUCRS, Porto Alegre, pp 373-400

Flecker AS, Taylor BW, Bernhardt SE, Hood JM,
Cornwell WK, Cassatt SR, Vanni MJ, Altman NS
(2002) Interactions between herbivorous fishes and
limiting nutrients in a tropical stream ecosystem.
Ecology 83:1831-1844

Forsberg BR, Araujo-Lima CARM, Martinelli LA,
Victoria RL, Bonassi JA (1993) Autotrophic carbon
sources for fish of the Central Amazon. Ecology
74:643-652

Hobson KA, Wassenaar LI, Taylor OR (1999) Stable
isotopes (6D and 6'°C) are geographic indicators of
natal origins of monarch butterflies in eastern North
America. Oecologia 120:397-404

Isbriicker IJH (2002) Nomenklator der Gattungen und
Arten der Harnischwelse, Familie Loricariidae
Rafinesque, 1815 (Teleostei, Ostariophysi). Datz-
Sonderheft Harnischwelse 2:25-32

Jardine T, Cartwright D, Dietrich J, Cunjak R (2005)
Resource use by salmonids in riverine, lacustrine and
marine environments: evidence from stable isotope
analysis. Environ Biol Fish 73:309-319

Kalish JM (1991a) '*C and '®0 isotopic disequilibria in fish
otoliths: metabolic and kinetic effects. Mar Ecol Press
Ser 75:191-203



Environ Biol Fish

Kalish JM (1991b) Oxygen and carbon stable isotopes in
the otoliths of wild and laboratory-reared Australian
salmon (Arripis trutta). Mar Biol 110:37-47

Kelly JE (2000) Stable isotopes of carbon and nitrogen in
the study of avian and mammalian trophic ecology.
Can J Zool 78:1-20

Minson DJ, Ludlow MM (1975) Differences in natural
carbon isotope ratio of milk and hair from cattle
grazing tropical and temperate pastures. Nature
256:602

Mol JH (1995) Ontogenetic diet shifts and diet overlap
among three closely related neotropical armoured
catfishes. J Fish Biol 47:788-807

Nelson JA, Wubah D, Whitmer ME, Johnson EA, Stewart
DJ (1999) Wood-eating catfishes of the genus Pan-
aque: gut microflora and cellulolytic enzyme activities.
J Fish Biol 54:1069-1082

Nelson JA (2002) Metabolism of three species of herbiv-
orous loricariid catfishes: influence of size and diet.
J Fish Biol 61:1586-1599

Nelson JS (1994) Fishes of the World, 3rd edn. Wiley, New
York

Opuszynski K, Shireman JV (1995) Herbivorous fishes:
culture and use for weed management. CRC Press,
Boca Raton

Patterson WP, Smith GR, Lohmann KC (1993) Conti-
nental paleothermometry and seasonality using the
isotopic composition of aragonitic otoliths of fresh-
water fishes. In: Swart P, Lohmann KC, McKenzie
J, Savin S (eds) Continental climate change from
isotopic indicators. American Geophysical Union
Monographs 78:191-202

Power ME (1984) Habitat quality and the distribution of
algae-grazing catfish in a Panamanian stream. J Anim
Ecol 53:357-374

Radtke RL, Showers W, Moksness E, Lenz P (1996)
Environmental information stored in otoliths: insights
from stable isotopes. Mar Biol 127:161-170

Schaefer SA, Lauder GV (1986) Historical transformation
of functional design: evolutionary morphology of
feeding mechanisms in loricarioid catfishes. Syst Zool
35:489-508

Schaefer SA (1987) Osteology of Hypostomus plecostomus
(Linnaeus): with a phylogenetic analysis of the loric-
ariid subfamilies (Pisces: Siluroidei). Contrib Sci, Nat
History Museum Los Angeles County 394:1-31

Schaefer SA, Stewart DJ (1993) Systematics of the
Panaque dentex species group (Siluriformes: Loricar-
iidae), wood-eating armored catfishes from tropical

South America. Ichthyol Exploration Freshwaters
4:309-342

Solomon CT, Weber PK, Cech JJ Jr, Ingram BL, Conrad
ME, Machavaram MV, Pogodina AR, Franklin RL
(2006) Experimental determination of the sources of
otolith carbon and associated isotopic fractionation.
Can J Fish Aquat Sci 63:79-89

Tejerina-Garro FL, Fortin R, Rodriguez MA (1998) Fish
community structure in relation to environmental
variation in floodplain lakes of the Araguaia River,
Amazon Basin. Environ Biol Fish 51:399-410

Tieszen LL, Boutton TW, Tesdahl KG, Slade NA (1983)
Fractionation and turnover of stable carbon isotopes
in animal tissues: Implications for §'*C analysis of
diet. Oecologia 57:32-37

Vanni JM, Flecker SA, Hood MJ, Headworth LJ (2002)
Stoichiometry of nutrient recycling by vertebrates in a
tropical stream: linking species identity and ecosystem
processes. Ecol Lett 5:285-293

Weidman CR, Millner R (2000) High-resolution stable
isotope records from North Atlantic cod. Fish Res
46:237-342

Wickman FE (1952) Variations in the relative abundance
of the carbon isotopes in plants. Geochimica et
Cosmochimica Acta 2:243-254

Wurster CM, Patterson WP, Cheatham MM (1999)
Advances in computer-based microsampling of bio-
genic carbonates. Comp Geosci 25:1155-1162

Wurster CM, Patterson WP (2003) Late Holocene meta-
bolic rate changes of freshwater drum (Aplodinotus
grunniens): evidence from high-resolution sagittal
otolith stable isotope ratios of carbon. Paleobiology
29:492-505

Wurster CM, Patterson WP, Stewart DJ, Stewart TJ,
Bowlby JN (2005) Thermal histories, stress, and
metabolic rates of chinook salmon in Lake Ontario:
evidence from intra-otolith 4'*0 and 4"°C values
and energetics modeling. Can J Fish Aquat Sci
62:700-713

Yossa MI, Araujo-Lima CARM (1998) Detritivory in
two Amazonian fish species. J Fish Biol 52:1141-
1153

Yossa ME, Araujo-Lima CARM (1999) Quality of the
detritus used by Amazonian fish during the low water
season. In: Val AL, Almeida-Val VMF (eds) Biology
of Tropical Fishes, INPA, Manaus

Zanden MJV, Casselman JM, Rasmussen JB (1999) Stable
isotope evidence for the food web consequences of
species invasions in lakes. Nature 401:464-467

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


