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ARTICLE INFO ABSTRACT

Keywords: We analyzed 5'3C and 6!°N values in different tooth portions (Growth Layer Groups, GLGs) of franciscanas,
Small cetaceans Pontoporia blainvillei, to investigate their effect on whole tooth (WT) isotopic values and the implications for
Franciscanas

dietary estimates. Tooth portions included the dentin deposited during the prenatal development (PND), the first
year of life (GLG1) deposited during the nursing period and the central part of the tooth with no distinction
amongst subsequent GLGs (Center). Isotopic mixing models estimating the contribution of PND, GLG; and Center
to WT showed that GLG; has a strong effect on WT isotope values in juveniles, while Center only starts to affect
WT isotopic values from age four. Isotopic mixing models estimating prey contribution to the diet of juveniles
using WT vs Center tooth portions significantly differed in dietary outputs, demonstrating that GLG; influence on
WT isotope values affects dietary estimates in young franciscanas. As the small tooth size and narrowness of the
last GLGs hinder the analysis of individual layers, we recommend excluding GLG; in studies based on teeth
isotope composition in franciscanas and caution when interpreting isotopic values from the WT of other small

Pontoporia blainvillei
Stable isotopes
Growth layer groups
Mixing models

cetaceans.

1. Introduction

Stable isotope analysis (SIA) is commonly applied in studies inves-
tigating the feeding habits, foraging areas, and movement patterns of
mobile and elusive organisms like marine mammals (e.g., Kiszka et al.,
2014; Troina et al., 2020, 2021; Busquets-Vass et al., 2021). This method
is based on the principle that the naturally occurring variation in the
stable isotope composition observed in consumer tissues reflects the
isotopic composition of their assimilated prey. Variation in carbon stable
isotopes (5!3C) reflects the sources of primary production (e.g., phyto-
plankton vs macroalgae) that fuel the habitats where consumers forage
(e.g., inshore vs offshore) (Trueman and Glew 2019), whereas nitrogen
stable isotopes (3'°N) are commonly used as proxies for their trophic
positions (Minagawa and Wada, 1984; Post, 2002).

The analysis of the isotopic composition of metabolically inert but
continuously growing tissues (e.g., baleen plates, tooth dentin,
vibrissae) provides temporally ordered ecological information over

different timescales (Newsome et al., 2009; Busquets-Vass et al., 2017;
Botta et al., 2018). The dentin in odontocetes, for example, comprises
most of the tooth and is chronologically deposited in annual layers,
known as Growth Layer Groups (GLGs; Perrin and Myrick, 1980), that
fill in the pulp cavity. Temporal and ontogenetic dietary shifts at the
individual level can be recorded by subsampling these sequential layers
(e.g., Mendes et al., 2007; Knoff et al., 2008; Feyrer et al., 2020), while
sampling an entire tooth provides an integrated and unweighted average
of the diet through their lifetime (e.g., Walker and Macko 1999; Troina
et al., 2016).

Whole tooth stable isotope values have been applied to assess
ontogenetic variation in prey consumption by franciscanas (Pontoporia
blainvillei) from southern Brazil (Troina et al., 2016). Nursing calves
have higher 8'°N values equivalent to feeding at one trophic level higher
than their mothers, and hence are often used as an indicator of weaning
in marine mammals (Newsome et al., 2006; Matthews and Ferguson
2015; Evacitas et al., 2017). Nevertheless, relatively little variation in
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51°N values were found between nursing calves and weaned juveniles
(with high 8'°N values), while a major shift in 5!°N values was only
observed between three- and four-year-old individuals (Troina et al.,
2016). The authors suggested that this “late” shift might be related to the
significantly wider first GLG (GLG;) (Pinedo and Hohn 2000) that out-
weighs the isotopic signal of the subsequent (narrower) GLGs in young
franciscanas. Although subsampling the different GLGs provides a finer
resolution of the feeding patterns throughout the animals’ lifetime, it is
not always feasible for species with small-sized teeth as it may be
impossible to individually sample each layer and would likely yield
insufficient material for isotopic analysis of that specific GLG. Therefore,
understanding how individual GLGs may affect whole tooth isotopic
values is critical for studies using this methodology to investigate the
dietary habits of small odontocetes such as the franciscana dolphin, as
well as potential implications on the assessment of ontogenetic dietary
shifts.

Because of their coastal distribution, franciscanas are particularly
vulnerable to human activities, and interactions with fisheries are
frequent in different locations along their geographic range (e.g., Secchi
et al., 1997, 2021; Di Beneditto et al., 2011; Franco-Trecu et al., 2009;
Negri et al., 2016). The incidental capture of non-target species during
fishing operations is the most widespread threat to cetaceans (Reeves
et al., 2013; Brownell et al., 2019). Bycatch of small cetaceans often
involve young and sexually immature individuals (e.g., Slooten 1991;
Read and Hohn 1995; Hohn et al., 1996; Brown et al., 2014). High
capture of young individuals has also been reported for franciscana
dolphins, with 70-80% of the total fishing-related mortality events
represented by individuals younger than four-years-old, i.e., before they
have reached sexual maturity (e.g., Secchi et al., 1997, 2003a; Ramos
et al., 2000; Rosas et al., 2002; Franco-Trecu et al., 2009; Negri et al.,
2016). Given the high proportion of young franciscanas by-caught in
fisheries, accurate assessment of their foraging behavior may help to
understand this interaction with human activities. For instance, infor-
mation on the foraging strategies of young franciscanas may help to
assess whether important prey species or size ranges consumed are also
targeted and/or overexploited by local fisheries. Knowledge on the
feeding ecology of young franciscanas may not only inform on popula-
tion dynamics, but also help to elucidate how fishing activities can in-
fluence their diet, supporting the elaboration and implementation of
effective actions for the conservation of this threatened coastal species
and their ecosystems.

Here, we analyzed the isotopic values in different portions of fran-
ciscanas’ teeth to investigate why high 8'°N values that represent the
nursing period of calves are still observed in juveniles (between 1 and 3-
years-old), long after they had been weaned (Troina et al., 2016). Our
aim was to evaluate the isotopic composition in each portion of fran-
ciscanas’ teeth to assess their potential influence on data interpretation
using this type of samples in trophic ecology studies. For this, we
compared the whole tooth, the GLG deposited during the prenatal
development (PND), the first year of life (GLG;) and the central portion
of the tooth of franciscanas to 1) determine the influence of the GLG; to
the whole tooth (WT) isotopic values of juveniles vs. adults; and 2) assess
the influence of the GLG; isotopic values on their dietary estimates.
Understanding the effect of the GLG; in WT stable isotopes is critical for
the correct assessment of juveniles’ feeding habits using this method-
ology, and could be extended to dietary studies using stable isotope
analysis in tooth samples of other small odontocete species.

2. Material and methods
2.1. Sample collection

Teeth from the central portion of the mandible or maxilla were
collected from franciscanas that were by-caught by the fishing fleet

operating in Rio Grande, southern Brazil (32°S, 52°W) between 1994
and 2004. Each tooth was cleaned with distilled water and stored dry to
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be used for age estimation and for 8'3C and §!°N measurements.

2.2. Age estimation

We estimated the age of individuals by counting the GLGs in the
dentin and cement of thin, mid-longitudinal sections of teeth. The
method described by Pinedo and Hohn (2000) includes the fixation of
the whole tooth in 10% formalin, and decalcification in a rapid decal-
cifier solution (RDO®, Apex Engineering Products Corporation, Aurora,
IL). Once teeth were flexible and transparent, they were washed with
running water, and then cut into 25 pm thin sections using a freezing
microtome. We stained the resulting sections in Mayer’s hematoxylin,
submerged them in a weak ammonia solution for a few seconds to
intensify the coloration, and mounted them on microscope slides with
100% glycerin (Fig. 1A). Each GLG represents one year of age (Kasuya
and Brownell 1979; Pinedo and Hohn 2000). We then selected samples
to carry out stable isotope analysis in specimens of different age cate-
gories representing different stages of sexual maturity: Age class 1,
which includes juveniles (one-to three-years-old individuals) and age
class 2, which includes adults (individuals older than four years-old).

2.3. Stable isotope analysis

To prepare teeth for stable isotope analysis, we grounded the whole
tooth (WT) of 21 franciscanas to a fine homogeneous powder, exposed to
a vaporous 30% hydrochloric acid (HCI) overnight inside a desiccator to
remove the inorganic carbon, and dried at 60 °C for 4 h. As different
teeth within a single individual have similar isotopic values (Walker
et al., 1999), we glued another tooth from each dolphin to a glass slide
and polished with successive sheets of sandpaper with decreasing grit
sizes (from medium coarse - 100/150 to ultra-fine - 320) to expose the
central portion and collect within each dentin GLG. We then sampled
dentin powder by using a high-resolution drilling system (Merchantek®

Fig. 1. a) Stained 25 pm thin section of a two-year-old franciscana, Pontoporia
blainvillei, for age estimation; b) collecting tooth powder samples from a fran-
ciscana tooth using the MicroMill System; and c) first Growth Layer Group
(GLG,) of a franciscana tooth marked for sample collection, after tooth powder
from the Center tooth portion had been extracted.
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MicroMill System) (Fig. 1B-C) fitted with a 300 pm drill bit at a depth of
approximately 500 pm. We milled tracks in dentin deposited during the
prenatal development (PND), the first year of life (GLG;) and the central
portion of the tooth (excluding the PND and GLG;) (Center), which
included different number of GLGs, according to the age of the indi-
vidual. We placed ~2 mg of dentin powder into silver cups for acidifi-
cation (30% vaporous HC]) and oven drying. Additionally, a portion (n
= 12) of tooth samples (GLGj, Center and WT) was double analyzed,
acidified and non-acidified, to assess the effect of acidification on stable
isotope values.

Isotopic measurements were carried out at the Analytical, Environ-
mental and Geo-Chemistry laboratory at the Vrije Universiteit Brussel
(AMGC, VUB, Brussels) using an Elemental Analyzer (EuroEA 3000,
EuroVector, Milano, Italy) coupled to an Isotope Ratio Mass Spectrom-
eter (Delta V Plus, Thermo Electron Corporation). Results are expressed
in the delta notation (5) as part per mil (%o) using the equation: 8sample =
[Rsample/Rstandard — 11 * 1000, where Rsample and Rstandard are the
13¢/12¢C or 15N/N ratios of the sample and standard, respectively
(Peterson and Fry 1987). The standards are Vienna Pee Dee Belemnite
limestone (VPDB) for §!3C and atmospheric Ny for 5'°N. The within-run
analytical precision, measured as the standard deviation of two in house
lab standards, analyzed after every 10 samples was less than 0.1%o for
both §'3C and 8!°N.

2.4. Statistical analysis

We applied linear mixed-effects models to assess isotopic differences
among the different tooth portions (WT, PND, GLG; and Center),
allowing to account for both random (individual franciscanas) and fixed
(tooth portion) effects. We used the ImerTest package to fit the models in
R (Kuznetsova et al., 2017). Additionally, to compare the isotopic values
in tooth portions, we estimated smooth curves of the distribution of
isotopic values using the Kernel density method. All statistical analyses
were carried out separately for age classes 1 (one-to three-years-old) and
2 (older individuals). Lastly, to assess how the acid-treatment affected
the stable isotope values of GLGs and whole tooth samples, we applied a
pair-wise Student’s t-test comparing the isotopic values between acidi-
fied and non-treated samples. We used the non-parametric Wilcox-
on-Matt-Whitney test when data were not fit for parametric tests.

2.5. Isotope mixing models

We estimated the proportional contribution of different tooth por-
tions (PND, GLG; and Center) to WT isotopic composition using the
Stable Isotope Mixing Models in R package (SIMMr; Parnell, 2016).
Isotope mixing models use the isotopic mean + SD values of the sources
(tooth portion) to estimate their proportional contribution to a mixture
(WT). The source data for this Bayesian model included the mean + SD
5'3C and 8'°N values in PND (n = 13), GLG; (n = 21) and Center (n =
14) portions of franciscanas’ tooth dentin. We have not collected PND in
adult franciscanas. However, as PND is deposited during fetal develop-
ment phase, we assumed that it would have similar isotopic values for
both juveniles and adults. We ran separate mixing models for each age
class.

To estimate the proportional contribution of prey items to the diet of
young franciscanas (two- and three-year-old) we applied isotopic mixing
models using only the isotopic values of the central tooth portion, and
compared these with estimates based on the isotopic values of the whole
tooth for the same individuals. We used the isotopic values of prey items
from Troina et al. (2016) and ran the mixing models with a diet-to-tissue
discrimination factor of 4.0%o for 5!°C, based on muscle-to-collagen
fractionation (Koch 2007), and 3.4%c for 8'°N (Post, 2002). These
discrimination factors were selected after testing a range of different
values in mixing models to estimate the diets of franciscanas from
southern Brazil (Troina et al., 2016).
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3. Results
3.1. Effect of acidification on §*3C and 6'°N values

Both 513C (t = 2.99, df = 11, p < 0.05) and '°N (t = —6.03, df = 11,
p < 0.0001) values were significantly different between acidified and
non-treated samples. Acidified tooth samples had §'3C values 1.3%o
higher, on average, than non-acidified samples (see supplementary data
S1). This was an unexpected outcome that will be discussed in section
4.1. In contrast, 5!°N values showed an opposite trend and were ~0.5%o
higher in the non-treated samples. The C:N ratio was significantly higher
(p < 0.001) in non-treated samples (3.8 & 0.5) than in treated samples
(3.2 &+ 0.06, supplementary data S1). When considering only dentin
tooth portions (PND, GLG; and Center), treated samples were 1.8%o
higher than acidified samples, whereas WT samples barely differed
(supplementary data S1). This indicated that WT sample decalcification
was incomplete, which was supported by the 5'3C values in the overall
WT samples that were ~1%o higher than in the GLG; and the Center
tooth portions (See supplementary data S2). Therefore, we applied a
correction to WT carbon isotopes, using a linear regression equation
derived from our paired analysis of treated and untreated samples. To
model this relationship, we used only the dentin samples (PND, GLG;
and Center), that we assume have undergone complete decalcification
(details in the supplementary information S3). We present measured and
corrected WT '3C values in the supplementary data S2.

3.2. Isotopic patterns of the different tooth portions

The total number of samples, with mean §'3C and §'°N values for
each tooth portion (PND, GLG; and Center) and for the whole tooth are
presented in Table 1 (details are provided in the supplementary data S2).
The mixed-effect model in age class 1 (one-to three-years-old) showed
significant differences in both §'3C (F (3, 38.8) = 4.59, p < 0.01) and
515N (F (3, 39.1) = 18.83, p < 0.001) values among tooth portions. In
this age class, 5'°C values in WT were 0.8%o higher than in the center,
but differences between the other tooth portions were not significant.
Significant differences in 8'°N values were observed among tooth por-
tions, with 8'°N in the WT (20.0%o), GLG; (20.0%0), and PND (21.3%)
being between 1 and 2%o higher than those in the Center (18.8%o). In age
class 2 (i.e., > four years of age), models also showed significant dif-
ferences in 5'°N among tooth portions. However, in this age class GLG;
(20.8%o) had higher 81°N than both WT (18.7%0) and Center (18.3%o),
whereas the latter two had similar §!°N values (Table 1). The patterns in
515N and 5'3C values among the different tooth portions for each age
class are shown in the Kernel density estimation plots (Fig. 2).

Table 1

Sample size (N) and average (+ Standard Deviation — SD) 8'3C and §'°N values
(%o) in each tooth portion: prenatal development (PND), Growth Layer Group 1
(GLG,), Center, and in the whole tooth (WT) of individuals for each age class:
group 1 (one-to three-years old) and group 2 (>four-years old), franciscana
dolphin, Pontoporia blainvillei, from southern Brazil.

N 8'3C (£SD) 3'°N (£SD)
Age Class 1 (1-to-3-years old)
PND 13 —12.5(0.7) 21.3 (1.0)
GLGy 17 —12.6 (0.7) 20.0 (0.7)
Center 10 —-12.9(1.1) 18.8 (0.8)
WT 17 —12.1 (0.1) 20.0 (1.0)
Age Class 2 (> 4-years old)
PND - - -
GLG; 4 —12.2(0.1) 20.8 (0.2)
Center 4 —-12.2(0.3) 18.3 (0.4)
WT 4 —12.0 (0.1) 18.7 (1.1)
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Fig. 2. Kernel density estimates of a) 5'°N and b) §'3C values for each tooth portion (PND: prenatal dentin; GLG;: Growth Layer Group 1; Genter; WT: whole tooth) in
age class 1 (one-to three-years-old); and c) 8'°N and d) 8'3C values in age class 2 (older than 4 yrs old individuals) of franciscanas; No PND was collected for

franciscanas from age class 2.

3.3. Proportional contribution of tooth portions to whole tooth isotopic
values

In age class 1, the GLG; contributes up to 51% (£0.2) of the isotopic
composition of the whole tooth (Fig. 3a). The combined proportional
contribution of PND and GLG; was 79%, while the Center portion had a
minor contribution of 21% (£0.1). In age class 2, the contribution of the
Center portion to the whole tooth increased to 42% (4-0.2), while the
contribution of the PND and GLG; decreased to 26% (+0.2) and 32%
(+£0.2), respectively (Fig. 3b).

3.4. Dietary estimates

We found remarkable differences in the proportional contribution of
prey species when models used the isotopic values of the whole tooth in
comparison to models based on the isotopic values of the Central tooth
portion in juveniles (Fig. 4). The contribution of bentho-pelagic fish
(Cynoscion guatucupa and Trichiurus lepturus) and shelf-pelagic fish
(Engraulis anchoita and Anchoa marinii) increased respectively, from 14%
and 9%, to 23% and 36%. The importance of squids decreased from 42%
to only 15%. The importance of coastal-estuarine fish (Paralonchurus
brasiliensis) decreased from 28% to 12%, and shrimps’ contribution to
juveniles’ diet increased from 6% to 14% in the analysis excluding GLGy
isotopic values.
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Fig. 4. Estimated proportional contribution of prey sources to the diet of ju-
venile franciscanas (Pontoporia blainvillei) based on carbon and nitrogen stable
isotope values from the whole tooth (WT) and the Center. Prey groups: BP Fish
(C. guatugupa and T. lepturus) = benthopelagic fish; SP Fish (E. anchoita and
A. marinii) = shelf-pelagic fish; CES Fish (P. brasiliensis) = coastal-estuarine fish;
Squids (D. sanpaulensis) and Shrimps (P. muelleri and A. longinaris).
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Fig. 3. Estimated proportional contribution of the different tooth portions, prenatal development (PND), Growth Layer Group 1 (GLG;) and Center to the whole
tooth isotopic values in a) age class 1 (<3-years-old) and b) age class 2 (>4-years-old) franciscanas, Pontoporia blainvillei. Boxplot values represent the 25%, 50% and

75% credible intervals.
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4. Discussion

Our isotopic data and mixing model analysis have helped to confirm
that GLG; has a major contribution to the isotopic composition of the
whole tooth in juveniles, whereas its contribution to whole tooth iso-
topic values decreases in older individuals. Additionally, we found dif-
ferences in the estimated contributions of prey sources when juvenile
franciscana isotopic values include the whole tooth or only the central
portion (thus removing the influence of GLG;). These findings have
important implications for studies using whole tooth isotopic values to
assess the feeding habits of this small cetacean species, especially
affecting dietary estimates for juveniles.

4.1. The effect of acidification and 5'3C patterns among tooth portions

The lower C:N ratios observed in treated samples suggest that inor-
ganic carbon (i.e., carbonates) have been removed. When comparing the
effects of the acidification treatment in the different tooth portions, 5'3C
values in untreated samples were on average 1.3%o lower than in acid-
ified samples. Controlled feeding experiments have shown that, within
the same individual, carbonates have higher 5!C values than collagen
(e.g., DeNiro and Epstein 1978; Krueger and Sullivan 1984; Lee-Thorp
et al., 1989). Therefore, we would expect to see lower 513C values after
acid treatment, which is the opposite to what we observed. The differ-
ences in 8'3C between collagen and carbonates depend on the amount of
dietary protein vs. dietary energy (e.g., lipids and carbohydrates)
available for the consumer (Ambrose and Norr 1993). The organic
portion of tooth dentin is mainly composed of protein collagen (Linde
1989; Marshall et al., 1997), with a small fraction of lipids and other
elements (Wentrup-Byrne et al., 1997; Loch et al., 2014). Carbon iso-
topes in dentin collagen are mostly derived from dietary protein, while
the inorganic portion (i.e., biological apatite) reflects the carbon derived
not only from protein, but also from lipids and carbohydrates in the
consumed diet (Ambrose and Norr 1993; Tieszen and Fagre 1993;
Sponheimer and Lee-Thorp 2015). As a result, carbon derived from a
lipid rich diet may be underrepresented when analyzing only the organic
portion of teeth. During the conversion of pyruvate to acetyl coenzymeA
in lipid synthesis, the high discrimination against ‘3G results in lipids
being more '3C-depleted in comparison to other macromolecular com-
ponents (DeNiro and Epstein 1977). Thus, the relatively higher 53¢
values observed in pure collagen (acidified samples) in comparison to
the untreated samples containing the inorganic portion of the tooth may
indicate the removal of carbon derived from dietary lipids.

As GLG; is synthesized during the nursing period, we would expect to
see lower 8'°C values reflecting the high lipid content in the milk
consumed by the nursing calves (e.g., Hobson and Sease 1998; Elorria-
ga-Verplancken et al., 2013; Evacitas et al., 2017). Nevertheless, our
data showed no differences in 5'3C between GLG; and Center. The
analysis of stable isotopes in the whole tooth of franciscanas between
zero and 12-years-old showed that the small variations (<1%o) in s'3¢
values were not explained by age or ontogenetic classes (Troina et al.,
2016). This lack of 3C/*2C isotopic effect from the nursing period was
observed in different odontocete species (Knoff et al., 2008; Newsome
etal., 2009; Matthews and Ferguson 2015), and may be due to the lower
lipid content in their milk, as discussed by Matthews and Ferguson
(2015). The fat content in the milk of franciscanas from southern Brazil
during summer and winter months ranges between 8% and 19%,
respectively (Caon et al., 2008). As franciscanas’ prey include species
with highly variable lipid contents (Denuncio et al., 2017), the lack of
differences in 5'3C between GLG; and Center may imply that the fat in
milk consumed by nursing calves and in prey consumed in adulthood
have comparable concentrations.
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4.2. Influence of the different tooth portions on juveniles’ whole tooth
51°N values

We demonstrate that 8'°N values in dentin deposited during the
prenatal development and in the first year of franciscanas’ life (GLG;)
were remarkably higher than those of the Center tooth portion. Rela-
tively higher 8'°N values in the prenatal dentin in comparison to the
dentin deposited later in life has also been observed in Risso’s dolphins
(Grampus griseus) (Evacitas et al., 2017). Such patterns have been
attributed to nutritional demands during fetal development that require
amino acids derived from the rerouting of maternal tissues and dietary
protein. Similarly, as milk is produced using lipids and proteins from the
mother’s tissues, nursing calves have 5'°N values that suggest feeding at
a relatively higher trophic level than their mothers (Fogel et al., 1989;
Jenkins et al., 2001). In several marine mammal species, juveniles’ tis-
sues that are synthesized during the nursing period (e.g., GLG1) have
significantly higher 5'°N values than those of adult females (or tissues
that are synthesized later in life) (e.g., Hobson et al., 1997; Nino-Torres
et al., 2006; Knoff et al., 2008; Newsome et al., 2006, 2009; Riccialdelli
and Goodall 2015; de Albernaz et al., 2017; Evacitas et al., 2017; Zhao
et al., 2021). Therefore, a decrease in 8!°N values from the early-ages
(GLG1) to adulthood (Center) is usually associated with changes from
a milk-based diet to a diet based on solid food.

In franciscanas, data obtained from stomach contents have shown
that calves start the transition from milk to solid food between 2.5 and 3
months of age, and those completely weaned (no trace of milk in their
stomachs) were less than nine-months-old (Rodriguez et al., 2002).
Accordingly, decreased 5'°N values were expected after the calves’ first
anniversary. Nevertheless, 5!°N values measured in the whole tooth of
franciscanas from southern Brazil were higher not only in nursing calves
but also in juveniles (~20%o), decreasing to approximately 18%o only in
individuals older than four years of age (Troina et al., 2016). By using
5'3C and 8'°N values in different tooth portions of franciscanas, we have
demonstrated that the isotopic values of both PND and GLG; have a
great influence on the whole tooth isotope values of juveniles. The
proportional contribution of GLG; alone was 51% in this age group
(Fig. 3). Thus, WT average 5'°N values still represent the signal of the
nursing period, even long after individuals have been weaned. Our data
showed that GLG; and central tooth portions affect differently the iso-
topic values of the whole tooth, and that their influence depends on the
individuals’ age. In young individuals (Age class 1), the GLG; comprises
a major portion of the whole tooth, and its §'°N signal predominates
over the remaining tooth portions, resulting in similar isotopic values
between the whole tooth and GLG; (Fig. 2A). However, the influence of
this tooth portion in the whole tooth isotopic values decreases in older
individuals (Age class 2), when the Center portion dominates over the
signals of the PND and the GLG; (Fig. 2C). Consequently, the isotopic
measurements of juveniles’ whole teeth may result in misleading dietary
information due to the large contribution of GLG; deposited in the first
year of life during the nursing period (Troina et al., 2016). The results
presented here highlight the importance of excluding the GLG; to
minimize the influence of signals derived from the nursing period in the
519N values of juvenile franciscanas’ whole tooth. When the whole tooth
is the only option for stable isotope measurements, researchers are
advised to exclude the juveniles (and not only nursing calves) from
analyses.

4.3. Implications for dietary assessments

We applied the same prey isotopic data and trophic discrimination
factors in the isotopic mixing models to estimate prey consumption by
juvenile franciscana dolphins. However, the proportional contribution
of the main prey differed considerably when applying WT isotopic
values in comparison to models using only the central tooth portion. For
example, the mixing model using WT estimated a diet dominated by
squids followed by coastal-estuarine fish (P. brasiliensis), whereas the
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model using the central tooth portion estimated increased importance of
shelf-pelagic and bentho-pelagic fish, followed by a more balanced
proportional contribution of the other prey groups (Fig. 4). Dietary es-
timates using Center tooth portion agree with a more diverse and
omnivorous feeding habit for juvenile franciscanas in southern Brazil, as
data from previous studies indicate that the species is a generalist
opportunistic predator (e.g., Paso-Viola et al., 2014; Campos et al.,
2020; Bassoi et al., 2020, 2021; Botta et al., 2022). Additionally,
excluding the influence of the isotopic values of GLG; in juveniles
resulted in increased contribution of the bentho-pelagic prey
C. guatucupa and T. lepturus, which is more aligned with the reported
diets based on stomach contents for this species in southern Brazil
(Bassoi et al., 2021).

The most important prey type estimated using WT stable isotopes
was the squids. This pattern is similar to those observed in a much larger
dataset to assess the ontogenetic feeding habits of franciscanas from
southern Brazil using the isotopic values of the whole tooth, which have
estimated a proportional contribution of >80% of squids in the diet of
juvenile franciscanas (Troina et al., 2016). Dietary studies based on
stomach content analysis of franciscanas from southern Brazil have
identified that adults consume more cephalopods (e.g., Doryteuthis san-
paulensis) than juveniles, whereas juveniles consume small fish prey that
are more abundant and easier to catch (Bassoi et al., 2021). Unlike soft
bodied prey or fish otoliths that have fast digestibility rates (Sekiguchi
and Best 1997; Bassoi et al., 2019), squid’ beaks take longer to be
digested, and may actually be overestimated in studies based on stom-
ach content analysis (Bowen and Iverson, 2013). Thus, it is unlikely that
dietary studies based on stomach content data would be missing this
type of prey for franciscanas from southern Brazil, thereby resulting in
an underestimation of squids. This inconsistency between these two
approaches to assess juveniles’ diet (Troina et al., 2016) could only be
noticed due to the large number of stomachs that have been analyzed
from individuals of this population (e.g., Botta et al., 2022). The fran-
ciscanas analyzed in the present study correspond to the Franciscana
Management Area (FMA) III (Secchi et al., 2003b), a stock whose
feeding ecology has been extensively studied using stomach contents
(Bassoi et al., 2020, 2021; Botta et al., 2022). Conversely, there are only
a few dietary studies using stomach contents of franciscanas from other
subpopulations, especially those from the northern portion of the species
distributional range (i.e., FMAs Ia and Ib) (Botta et al., 2022). Therefore,
the assessment of the feeding ecology of these franciscanas’ stocks may
rely more strongly on isotopic data from teeth of dead animals.

The significant difference in the estimated diet for juvenile francis-
canas using mixing models with isotope data from WT versus the Center
tooth portion demonstrates the relevance of our study. In the case of this
endangered species, mainly threatened by fisheries bycatch, isotopic
data pointing to a diet dominated by squids and the coastal estuarine fish
P. brasiliensis could imply different conservation management strategies,
as these prey types are not targeted by the fisheries in southern Brazil.
On the other hand, the bentho-pelagic prey C. guatucupa is amongst the
most fished sciaenid species in southern Brazil, which represent a great
proportion of the total fish landings and the species is currently
considered overexploited (Haimovici and Cardoso 2017). The correct
understanding of franciscanas’ feeding habits and prey preference is
important to quantify their interactions with fisheries, especially when it
concerns juvenile franciscanas that are more vulnerable to bycatch
(Rosas et al., 2002; Secchi et al., 2003a, 2021). This information is key to
improve conservation efforts and to inform management actions at local
scales, such as creating no fishing zones (e.g., Prado et al.,, 2021),
regulating the size range of fish targeted or the type of gear to be used. In
this regard, our findings have strong implications for dietary studies
using stable isotopes in juvenile franciscanas, and might be extended to
other odontocete species with small tooth size.

Marine Environmental Research 184 (2023) 105857
5. Concluding remarks

Our isotopic approach allowed us to demonstrate that the GLG,
which is the dentin layer deposited during the nursing period, influences
the average isotope values in the whole tooth affecting dietary in-
terpretations of young franciscana dolphins. The effect of GLG; §'°N
values on the whole tooth only starts to decrease in older individuals (>
than 3 years), as more dentin from the subsequent GLGs is deposited. As
the small tooth size and narrowness of the last GLGs hinder the analysis
of each layer alone, we recommend that future studies aiming to assess
the foraging strategies of young franciscanas by using isotopic analysis
avoid the use of the whole tooth. Additionally, we call the attention of
researchers that use this methodology to study the feeding ecology of
other small odontocetes, such as porpoises or small delphinids, as their
small tooth size could result in similar isotopic biases. Instead, re-
searchers should exclude the GLG;, especially in the case of young in-
dividuals or, alternatively, use soft tissues with faster turnover rates such
as skin or muscle (Teixeira et al., 2022).
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