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A B S T R A C T

Disentangling the intricacies governing dietary breadth in wild predators is important for understanding their
role in structuring ecological communities and provides critical information for the management and con-
servation of ecologically threatened species. Here we combined dietary analysis, nutritional composition ana-
lysis of prey, literature data and nutritional geometry (right-angled mixture triangle models -RMT-) to examine
the diet of the most threatened small cetacean in the western South Atlantic Ocean, the Franciscana dolphin
(Pontoporia blainvillei). We applied a recently developed extension of niche theory based on the RMT to help
understand the dietary strategies of this species. Our results showed that across their range the Franciscanas
consumed prey with variable protein-to-lipid energy ratios (LMM, p < 0.001). In an intensive study of one area,
FMA IV, we found that dolphins sub-populations, which recent genetic evidence suggest should be differentiated
into three management units, have diets with different protein energy and water mass compositions, but similar
protein-to-lipid energy ratios. Furthermore, dolphins from the three areas mixed different combinations of prey
in their diets to achieve the observed macronutrient ratios. These results suggest that the different habitats that
each sub-population occupies (estuarine, north marine area and south marine) might be associated with different
prey composition niches, but similar realized nutritional niches. Future priorities are to better comprehend
possible geographical and long-term seasonal effects on prey consumption and dietary breadth of the different
Franciscana populations to identify potential impacts (environmental and human-related), enhance the current
management strategies to protect this endangered marine predator.

1. Introduction

Diets are most commonly considered in terms of foods eaten rather
than complex mixtures of nutrients and other compounds they contain
(Machovsky-Capuska et al., 2016a). In the case of predators, it is widely
believed that the prey species they consume are fairly uniform in their
nutritional and energetic content (Stephens and Krebs 1986; Stephens
et al., 2006). However, evidence suggests that prey species can vary
significantly in their nutrient composition, and predators selectively
combine prey in their diets to balance their gain of macronutrients

(Kohl et al., 2015; Toft and Wise, 1999).
Disentangling the intricacies governing prey selection and dietary

breadth in wild predators can be extremely challenging, yet it is im-
portant for understanding the role of predators in structuring ecological
communities, as well as habitat and species conservation, including the
potential impacts of human pressures (e.g. fisheries) (Machovsky-
Capuska et al., 2016b). An approach called Nutritional Geometry (NG)
was developed to simplify the complexities of linking nutrients to prey
quality, foraging behaviour, environmental parameters and geographic
location, thus providing a nutritional framework for ecology
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(Raubenheimer et al., 2009; Simpson and Raubenheimer 2012). How-
ever, field-based research has several logistical constraints that chal-
lenge the ability of researchers to collect data necessary for NG ana-
lyses, especially on the cumulative (e.g. daily) intakes of different foods
and nutrients eaten (Machovsky-Capuska et al., 2016c; Rothman et al.,
2012; Tait et al., 2014). To overcome this challenge, a proportions-
based approach (right-angled mixture triangle-RMT) was developed to
represent foods, diets and macronutrients as nested mixtures
(Raubenheimer 2011). Data collected using a wide range of field-based
techniques are appropriate for analysing in RMTs, including gut content
and regurgitations analyses (Hyslop, 1980; Machovsky-Capuska et al.,
2011), faecal analyses (Panthi et al., 2012) and bite rates (Paddack
et al., 2006). RMTs are increasingly used in field-based nutritional
ecology, covering a wide range of research disciplines including wildlife
conservation (Raubenheimer et al., 2015), movement ecology (Nie
et al., 2014), human-wildlife interactions (Coogan and Raubenheimer,
2016) and biological invasions (Machovsky-Capuska et al., 2016a;
Machovsky-Capuska et al., 2016d). However, to date their use has been
limited to a select group of wild predatory species, including Aus-
tralasian gannets (Morus serrator, Machovsky-Capuska et al., 2016b;
Tait et al., 2014); pine martens (Martes martes, Remonti et al., 2015);
masked boobies (Sula dactylatra tasmani, Machovsky-Capuska et al.,
2016c) and grizzly bears (Ursus arctos, Coogan et al., 2014, Coogan and
Raubenheimer, 2016).

Recently, the RMT approach was used to develop models that in-
tegrate nutrients with foods and diets in the context of ecological niche
theory to provide fresh insights into the dietary generalist-specialist
distinction and help to understand the ecological distributions of spe-
cies (Machovsky-Capuska et al., 2016a). This multi-nutrient framework
enables researchers to define the dietary niche of species across three
functional levels: i) the dietary macronutrient compositions on which
the species is physiologically able to persist and thrive is known as the
“fundamental macronutrient niche”; ii) the subset of the fundamental
macronutrient niche that a species actually occupies given ecological
constraints (e.g. high level of competition, reduced prey availability
and environmental and human pressures) comprises the “realized
macronutrient niche”, and iii) the range of ecological and physical at-
tributes of foods that the species is able to exploit provides the “food
composition niche”. This set of concepts provides a powerful frame-
work for understanding dietary adaptations of animals, including their
nutritional needs, and relating these across different scales from in-
dividuals to populations and species (Machovsky-Capuska et al.,
2016a).

Marine predators are long-lived species that live in complex nutri-
tional environments and represent an emerging model group for de-
veloping the study of macronutrient selection in wild predators
(Malinowski and Herzing, 2015; Tait et al., 2014). Cetaceans, in par-
ticular, are highly-specialized marine top predators that have been
extensively studied as “bio-monitors” of prey availability and pollu-
tants, providing valuable information on the health of aquatic en-
vironments (Perrin and Würsig, 2009). Their aquatic lifestyle often
limits direct observations in the wild making it difficult to collect re-
liable data on their foraging behaviour, except in shallow waters in
geographical areas where water visibility is good (Barros and Clarke,
2009). As a consequence, several indirect techniques including ana-
lysing prey remains from stomachs and intestines of stranded and by-
caught animals, are commonly used to assess prey consumption and
diet (Barros and Clarke, 2009).

Franciscana dolphins (Pontoporia blainvillei; hereafter Franciscanas)
are small (35.0–55.0 kg) carnivorous cetaceans endemic to the
Southwestern Atlantic Ocean that live in coastal waters from Itaúnas
(Brazil) to Peninsula Valdés (Argentina) (Bastida et al., 2007; Crespo
et al., 1998). This species is considered the most threatened small ce-
tacean in the western South Atlantic Ocean due to high incidental by-
catch rates in artisanal gillnets (Crespo et al., 2010; Reeves et al., 2012).
For conservation and management of this species, four “Franciscana

Management Areas (FMA)” have been created based on ecological and
biological information on the species (e.g. geographic distribution,
contaminants and parasite loads, vital rates, phenotype and genotype
information) (Secchi et al., 2003): FMA I Rio de Janeiro and Espirito
Santo in Brazil; FMA II São Paulo, Parana and North of Santa Catarina
in Brazil; FMA III Rio Grande do Sul north and south and Uruguay; and
FMA IV Buenos Aires and Rio Negro in Argentina.

Gaining a better understanding of food (hereafter referred as prey)
and nutritional components of Franciscana diets, and how they vary
across time and habitats, is important for unravelling the dietary niche
in which the species is able to survive. Also, and most importantly,
assessing the extent of overlap with coastal fisheries will provide a new
dimension to management strategies. Here, we combined dietary ana-
lysis, proximate composition analysis of prey and nutritional geometry
RMT models to examine at the levels of foods, nutrients and diets the
foraging niche of Franciscanas from the different FMAs, with particular
focus on FMA IV. We addressed three specific questions to better un-
derstand the diet of these endangered predators and its relationship
with their geographical distribution: i) Do Franciscanas target similar
prey species across the different FMAs and throughout FMA IV? ii) Do
Franciscanas from different management areas have similar nutritional
compositions in their diets across FMAs and across regions within FMA
IV? iii) How does the prey composition consumed by Franciscanas vary
between FMAs and within the FMA IV?

2. Materials and methods

2.1. Study area

The coastal waters of northern Argentina (35°–41° S) include two
major, shallow estuaries formed by the Rio de la Plata and El Rincón
System that influence the hydrography of the coastal zone (Fig. 1)
(Guerrero et al., 2010). Our study area included most of the area be-
tween 34° and 40°S from the Bahía Samborombón, influenced by dis-
charge from the Rio de la Plata to Monte Hermoso, but excluding the El
Rincon System (Fig. 1) (Freije et al., 1981; Guerrero et al., 2010).

2.2. Nutritional composition of diets

Since carbohydrates are an insignificant nutritional component of
most marine prey (Craig et al. 1978) and fresh water is only available to
many cetaceans from food moisture (Malinowski and Herzing, 2015),
our comparisons are based on three essential nutrients: protein (P),
lipid (L), and water (W). Following Senior et al. (2016), we used linear-
mixed models (LMMs) to compare the log energy ratio of protein-to-
lipid (lnPL) in prey species and diets between FMAs; and 2) used LMMs
to investigate the proportion (as a percentage of wet weight) of logit
transformed P and L in prey and diets. To estimate the energy value of
each macronutrient, we converted macronutrient masses to energy (E)
using the following coefficients: P = 17 kj/g and L = 37 kj/g (N.R.C.,
1989). The statistical significance of the random component was as-
sessed using a likelihood ratio test with the ‘rand’ function in the
package lmerTest (Kuznetsova et al., 2015). Linear-mixed models
(LMMs) were implemented using the ‘lmer’ function in the package
lme4 (Bates et al., 2015). All analyses were performed using the soft-
ware R3.3.1 (R Development Core Team, 2015).

Right-angled mixture triangles (Raubenheimer, 2011) were used to
explore in three dimensions the relationships between the wet weight
proportions of W, P, and L in prey species and diets of different Fran-
ciscana populations and geographic areas. To improve our estimates of
the realized nutritional niche for Franciscanas we combined our ori-
ginal data collected from FMA IV (Buenos Aires Province) with re-
analyzed published data on the diet of this species collected from sto-
mach contents from the other FMAs (Rio de Janeiro from the FMA I
(Bittar, 2007), Sao Pablo from the FMA II (Henning, 2012), and Rio
Grande do Sul north and south from the FMA III (Bassoi, 2005)) (Fig. 1,
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see supplementary information Table S1and S2). We have only used
studies that provided a robust sample size with complete information
(e.g. M % used in the RMTs) for each FMA and we only used prey
species that contributed> 1.0% of wet mass (M %) to the overall diets.
For the prey species consumed by Franciscanas we obtained the prox-
imate nutrient composition from the available literature and estimated
the diet for each of the seven geographic locations (see supplementary
information Table S2 and S3). Following Tait et al. (2014), when pos-
sible we aimed to collect nutritional data from similar spatiotemporal
proximity to the study (see supplementary information Table S3). These
data on the proportion of prey species enabled us to estimate the nu-
tritional composition of prey species constituting (in wet mass) 100.0%
of the diet of Franciscanas from FMA I, 76.7% of the diet in FMA II,
89.3% of the diet in FMA III north, 95.9% of the diet in FMA III south,
98.6% of the diet in FMA IVa, 97.9%of the diet in FMA IVb and 98.6%
of the diet in FMA IVc.

2.3. Stomach contents analysis of diet within FMA IV

Between 2000 and 2010, the diet of Franciscanas within FMA IV
was studied through 173 stomach contents analysis of carcasses op-
portunistically collected from by-caught dolphins provided by artisanal
fishermen from coastal waters of northern Argentina (see supplemen-
tary information Table S1). During post-mortem examination, sex and
standard morphological measurements were recorded (Norris, 1961),
and stomachs were excised and frozen at −20 °C for later laboratory
analysis. Prey items were individually weighed to 0.1 g, and stomach
contents were washed through a 0.25-mm-mesh sieve to examine for
otoliths and cephalopod beaks (following Meynier et al., 2008). Almost
all prey items (99.6% of fish otoliths, 99.8% of cephalopod beaks and
100% of the crustacean remains) were identified to the lowest taxo-
nomic level using the reference collection at the Marine Mammal La-
boratory of the Universidad Nacional de Mar del Plata, Argentina.

2.4. Data analysis of prey and diets within FMA IV

For each prey item (fish and cephalopods) we estimated individual
mass and total length using published length and weight regressions
(Bassoi, 2005; Rodriguez et al., 2002) to later estimate the percentage
of total prey weight that the species contributed to the overall diet (M
%, wet weight). Two utilization indexes were assigned to each prey
species: the frequency of occurrence percentage (FO%, calculated as the
number of stomachs in which prey items were encountered), and the
numerical abundance percentage (N%, calculated as the number of
individuals of each prey type divided by the total number of individuals
of all prey types).

The diet variability of Franciscanas was analyzed in relation to sex,
standard length (SL), and geographic areas that the dolphins inhabited
within the FMA IV. Following the latest genetic evidence of the popu-
lation structure of Franciscanas (Méndez et al., 2008; Cunha et al.,
2014; Negri et al., 2016), we divided the study area into three sub-FMA
also characterized by oceanographic features (Guerrero et al., 2010): i)
FMAIVa or the estuarine area of the Bahia Samborombón; ii) FMAIVb or
northern marine area; and iii) FMAIVc or southern marine area (Fig. 1).
The analyses were performed grouping prey into the four categories: i)
pelagic fishes; ii) non-pelagic fishes (demersal, demersal-benthic and
benthic species) following published records on the habitats of teleosts
(Olivier et al., 1968; Bassoi, 2005); iii) cephalopods; and iv) crusta-
ceans.

Since the shapes of relationships relating response variables to ex-
planatory variables were unknown, generalized additive models
(GAMs) (Hastie and Tibshirani, 1990; Zuur et al., 2007) were used. The
response variable of models (prey number) had a large variance be-
cause of the large number of zero values in the samples; therefore a
negative binomial error distribution was specified (Crawley, 2005). A
log link was used in the models because response variables could only
take zero or positive values (Crawley, 2005). For each model fitted
within a prey category, we calculated the Akaike information criterion
(AIC) and selected the model with the lowest AIC. Where two models
had very similar AIC values the more parsimonious model was

Fig. 1. Geographical distribution of Franciscanas (shaded in black) in South American waters. The four management areas (FMAs, adapted from Secchi et al. 2003) are shown on the left.
A map of the study area (FMA IV and sub-FMAs - Argentina) is presented on the right, showing the three areas into which it was divided and the localities from which Franciscana dolphin
carcasses were collected: Rio Salado, (RS), San Clemente del Tuyú (SC), Mar de Ajó (MA), Mar del Plata (MDP), Necochea (NE), Claromecó (CL) and Monte Hermoso (MH).
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preferred (Table S4) (Luque et al., 2009). Prey categories were also
fitted against a null model (i.e. a model without any of the independent
variables) to test the hypothesis that none of the variables had an effect
on the consumption of any prey (Lucifora et al., 2009).

3. Results

3.1. Minimal realized nutritional niche of Franciscanas

An overall comparison of the macronutrient composition of the diets
confirmed a high degree of variation between-FMA in the proportion of
lipid energy and the lnPL energy ratio of the observed diets of all the
populations studied (Table 1). The RMT showed the differences in P:L
wet mass ratios in the diets of the different Franciscanas' populations;
these range from a P:L ratio of 8.9:1 (FMA IVa) to 20.1:1 (FMA II) and
provide an estimate of the minimal realized macronutrient niche of the
species (Fig. 2).

The RMTs presented in Fig. 3 show that Franciscanas from the FMA
III mainly preyed upon long-finned squid (FMA III north = 69.8% and

FMA III south = 88.2% in mass, wet weight) (Fig. 3a, b). The northern
Franciscanas (FMA I and FMA II) mostly consumed slender inshore
squid (40.9%), which was combined with two other species in FMA II
(Fig. 3c) and six species in FMA I (Fig. 3d).

3.2. Diet composition and prey size in FMA IV

From 173 carcasses examined, 151 (87.3%) of the stomachs con-
tained prey (FMA IVa, n = 45; FMA IVb, n = 74 and FMA IVc, n = 54)
and 9587 prey were identified representing 27 species, including fish
(n = 21), crustaceans (n = 4) and cephalopods (n = 2). Non-pelagic
species (n = 20) dominated the prey list in the diet of Franciscanas
(Table 2).

In FMA IV, fish were the most frequent (FO% in the table) prey
followed by cephalopods, whereas the latter was the most abundant
prey (N%). The most frequent prey in the diet of Franciscanas in FMA
IV was the striped weakfish, whereas the most abundant was the long-
finned squid, also contributing almost 80% of total mass (M %,
Table 2).

The SL of fish consumed ranged from 31 to 283 mm (mean length
70 ± 37 mm, n = 3641), but the modal size of consumed fish was
55 mm. Cephalopods consumed by Franciscanas were slightly larger
than fishes (mantle mean 106 ± 36 mm, n = 2026). The shortest ce-
phalopod mantle was 38 mm and the longest was 183 mm, but the most
common size consumed was 130 mm.

3.3. Variability of diet within FMA IV

Franciscanas from the FMA IVa fed on a total of 18 prey species;
only seven contributed> 1% mass of the diet and white croaker had
the greatest mass percentage. From the 23 prey species consumed in
FMA IVb, five contributed> 1% of mass and striped weakfish and the
long-finned squid were the most important prey in mass. Finally, in
FMA IVc, Franciscanas preyed upon nine species; only three con-
tributed> 1% mass and long-finned squid was the most relevant prey
in mass (Table 2).

Results from the generalized additive models showed a significant
effect of geographic area and SL on the numbers of prey consumed, but
no effect of dolphin sex (Table 3). Fewer fish (pelagic and non-pelagic)
were consumed in the FMA IVc than in the other two regions, whereas
significantly more cephalopods were consumed in the FMA IVc than
FMA IVb (absent in FMA IVa) (Table 3). A significant increase with SL
of predator was observed in the consumption of non-pelagic fishes, the
dominant teleosts (Fig. S5a). In contrast, the consumption of pelagic
fishes increased significantly with SL up to ca. 110 cm, after which the
effect leveled off (Fig. S5b). The number of crustaceans eaten decreased
with SL and more were eaten in the FMA IVb than in the other two
areas (Table 3, Fig. S5c).

3.4. Nutrient composition of prey and diet of Franciscanas from FMA IV

To consistently assess the nutritional composition of diets, we used a
total of 67 stomach contents from three consecutive years (2008,
n = 39; 2009, n = 18 and 2010, n = 10). A comparison of the nutrient
composition of the different prey consumed by Franciscanas in FMA IV
showed differences in the energy proportions of P (estimated between-
prey SD = 75.25, χ2 = 15.9, d.f. = 1, p < 0.0001), L (estimated be-
tween-prey SD = 14.6, χ2 = 10.1, d.f. = 1, p < 0.001), the lnPL ra-
tios (SD = 5.6, χ2 = 1.5, d.f. = 1, p < 0.0001) and the mass con-
tribution of W (estimated between-prey SD = 1.7, χ2 = 227.0,
d.f. = 1, p < 0.0001). Franciscanas consumed prey with a wide range
of P:L (mass, wet weight) from 3.6:1.0 (argentine anchovy) to 32:1.0
(silverside), with a higher variability in lipids than in proteins
(Coefficient of Variation, CV: L = 82.9; P = 20.6).

A three year comparison of the nutritional composition of diets of
the different sub-populations within FMA IV showed significant

Table 1
Franciscana Management Areas (FMAs) comparison and standard deviation (SD) of the
energy logit-transformed proportion of protein (P), lipid (L) and protein-to-lipid ratio
(lnPL) estimated using linear-mixed models. Significance of variance components was
assessed by likelihood ratio test (d.f. = 1).

Macronutrient Effect Variance SD χ 2 p

P FMA < 0.001 < 0.001 0.00 1.00
Residual 0.03 0.19

L FMA 0.04 0.19 2.75 < 0.05
Residual 0.05 0.22

W 0.02 0.15 1.3 < 0.001
FMA
Residual 0.04 0.35

LnP:L FMA 0.11 0.34 6.22 < 0.01
Residual 0.00 0.08

Fig. 2. Right-angled mixture triangle showing the average macronutrient composition
(hollow symbols) of the diet consumed by Franciscana dolphins from the Franciscana
Management Areas (FMAs): FMA I (pentagon), FMA II (diamond), FMA III north (star),
FMA III south (ellipse), FMA IVa (triangle), FMA IVb (circle) and FMA IVc (square). Solid
diamonds show the composition of all prey species retrieved from dolphin guts across all
FMAs. The grey area contains all the prey consumed by Franciscanas providing an esti-
mate of the prey composition niche, whereas the dark grey area contains the diets from all
the populations and represents the minimal realized nutritional niche of Franciscanas.
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differences in proportional composition of P energy over the three years
(2008, SD = 0.2, χ2 = 49.3, d.f. = 1, p < 0.0001; 2009, SD = 0.2,
χ2 = 7.18, d.f. = 1, p < 0.001 and 2010, SD = 0.15, χ2 = 3.6,
d.f. = 1, p < 0.05) and also the W mass contribution (2008, SD = 3.4,
χ2 = 38.2, d.f. = 1, p < 0.0001; 2009, SD = 3.4, χ2 = 6.19, d.f. = 1,
p < 0.001 and 2010SD = 2.6, χ2 = 1.95, d.f. = 1, p < 0.05).
However, no significant differences were observed in L energy (2008,
SD = 0.22, χ2 = 3.3, d.f. = 1, p = 0.08; 2009, SD = 0.3, χ2 = 1.4,
d.f. = 1, p = 0.20 and 2010, SD = 0.07, χ2 = 0.8, d.f. = 1, p = 1.00)
and lnPL energy of the diets (2008, SD = 0.06, χ2 = 0.3, d.f. = 1,
p = 1.00; 2009, SD = 0.11, χ2 = 0.11, d.f. = 1, p = 0.70 and 2010,
SD = 0.0002, χ2 = 0.5, d.f. = 1, p = 1.00).

The RMT showed differences in M % contribution of each prey to-
wards the diet in each sub-population in the FMA IV. Long-finned squid
provided most of the macronutrients to the diet of Franciscanas in the
marine areas: FMA IVc (wet mass, 2008, 95.2%; 2009, 96.5% and 2010,
98.2%) and in FMA IVb (2009, 91.9% and 2010, 94.6%, whereas in
2008 they mainly combined long-finned squid (47.4%) with striped
weakfish (47.4%), (Fig. 4). However, white croaker was the main prey
(2008, 35.0%; 2009, 66.3% and 2010, 70.9%) in the estuarine area
(FMA IVa) (Fig. 4).

Within FMA IVb, significant differences were observed in the pro-
portional composition of P energy (SD = 4.5, χ2 = 1.2, d.f. = 1,
p < 0.05) and lnPL energy (SD = 2.4, χ2 = 6.1, d.f. = 1, p < 0.05)
of the diets across the three different years, whereas L energy

(SD = 0.02, χ2 = 1.1, d.f. = 1, p = 0.97) and W mass contribution
(SD = 0.2, χ2 = 1.2, d.f. = 1, p = 0.82) were not significant. In FMA
IVa, no differences were observed in the nutritional composition of the
diets (energy proportional composition of P (SD = 0.05, χ2 = 3.5,
d.f. = 1, p = 0.86)), L (SD = 0.08, χ2 = 1.9, d.f. = 1, p = 0.90), lnPL
(SD = 0.06, χ2 = 2.1, d.f. = 1, p = 0.96) and mass contribution of W
(SD = 0.4, χ2 = 1.6, d.f. = 1, p = 0.88). Likewise, no significant dif-
ferences were observed in FMA IVc in the dietary energy proportional
composition of P (SD = 0.03, χ2 = 1.1, d.f. = 1, p = 0.80), L
(SD = 0.03, χ2 = 1.3, d.f. = 1, p = 0.90), lnPL (SD = 0.01, χ2 = 1.4,
d.f. = 1, p = 0.95) and mass contribution of W (SD = 0.3, χ2 = 1.1,
d.f. = 1, p = 0.73).

4. Discussion

Marine predators forage in complex environments and face nutri-
tional challenges due to accelerating environmental change and human
pressures (Machovsky-Capuska et al., 2016b; Tait et al., 2014). Un-
derstanding the foraging and nutritional goals and diet breadth of
predators provides critical information for the management and con-
servation of ecologically threatened species (Machovsky-Capuska et al.,
2016a; Raubenheimer et al., 2012; Rothman, 2015). Nutritional geo-
metry has been used to link feeding strategies, nutrition and demo-
graphy in wild endangered species including kakapo (Strigops hab-
roptilus, Raubenheimer and Simpson, 2006), gorillas (Gorilla beringei,

Fig. 3. Right-angled mixture triangle showing the protein, lipid and water composition (as % wet mass) of prey and diets from different Franciscanas Management Areas (FMA) a) FMA III
north, b) FMA III south, c) FMA II, and d) FMA I. Black and grey symbols represent compositions of individual prey species. Open symbols represent the average nutritional composition of
the diet consumed by dolphin populations in FMA I (pentagon), FMA II (diamond), FMA III north (star) and FMA III south (ellipse).
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Rothman et al., 2012), giant pandas (Ailuropoda melanoleuca, Nie et al.,
2014) and masked boobies (Sula dactylatra tasmani, Machovsky-
Capuska et al., 2016b). The present study provides novel insights into
the nutritional relationships between prey and dietary macronutrient

composition of a wild endangered marine mammal, and compares them
between different populations.

4.1. Overview of the nutritional strategies in the different management units

Understanding the nutritional composition of the different prey
sources and dietary breadth of a population is the first step to com-
prehend the scope of the prey composition, realized and fundamental
niches that plays a vital role for implementing conservation strategies
(Machovsky-Capuska et al., 2016a). Marine environments are complex
and involve a highly heterogeneous group of biogeographic regions
with well-established ecological and oceanographic features that in-
fluence the distribution of populations (Spalding et al., 2007). We found
nutritional differences in the range of prey compositions consumed
between the different Franciscana populations. Our nutritional models
(RMT) showed that Franciscanas from FMA III (north and south) ob-
tained most of their dietary macronutrients from long-finned squid
(69.8 M % and 88.2 M %), consistent with the marine sub-FMA from
Argentina (FMA IVb and c), demonstrating that this prey species plays
an important nutritional role in the diet of these populations (Fig. 3).

Franciscanas from FMA II had the highest dietary P:L ratio by mass
in comparison with the other FMA populations. The dolphins from this
population obtained most of their dietary macronutrients from slender
inshore squid (54.3 M %), which had the lowest overall energy content
of all prey species. The macronutrient composition of the diet of the
FMA I population was also heavily influenced by slender inshore squid
(40.9 M %), in combination with other prey that had higher energy
content. The differences in the prey composition niche, the macro-
nutrient composition of the diets and the realized nutritional niches of

Table 2
Composition of the diet of franciscana dolphins in the fourth Franciscana Management Area (FMA IV) and sub-FMAs (FMA IVa = estuarine area; FMA IVb = north marine and FMA
IVc = south marine) from Argentinean waters. Relative prey importance is shown using several metrics: N (total number of individuals); N% (numerical abundance percentage); M%,
(wet mass percentage) and FO% (frequency of occurrence percentage). Following Olivier et al. (1968) and Bassoi (2005), prey were also classified into P = pelagic and NP = non-pelagic.

Commonname Scientificname Habitat Overall FMA IV FMA IVa FMA IVb FMA IVc

N FO % N % M% FO % N % M% FO % N % M% FO % N % M%
TELEOSTS 4359 82.08 45.49
Strippedweakfish Cynoscion guatucupa NP 2698 57.8 28.17 6.98 46.67 28.63 7.31 54.05 42.40 15.13 72.22 17.61 2.28
White croaker Micropogonias furnieri NP 504 23.12 5.26 5.24 60.00 28.91 55.44 14.86 2.12 0.48 3.70 0.28 0.00
Brazilian codling Urophysis brasiliensis NP 116 9.25 1.21 0.98 11.11 0.41 4.40 14.86 3.20 4.05
Argentine anchovy Engraulis anchoita P 259 28.9 2.70 1.59 22.22 4.50 2.75 29.73 3.93 2.08 33.33 1.26 1.33
Banded croaker Paralonchurus brasiliensis NP 147 10.4 1.53 0.93 17.78 4.84 6.31 13.51 2.24 1.09
Rough scad Trachurus lathami P 137 14.45 1.43 1.31 13.33 4.56 0.41 5.41 3.29 0.27
Silverside Odontesthes bonariensis P 179 5.78 1.87 1.85 13.33 6.71 13.38 5.41 0.52 0.49
Argentine croaker Umbrina canosai NP 115 5.78 1.20 0.05 13.33 5.12 8.98 8.11 0.35 0.00
King weakfish Macrodon ancylodon NP 86 6.94 0.90 0.1 4.44 0.21 0.60 4.05 0.17 0.01
Cuskeds Raneya fluminensis NP 12 2.89 0.13 0.48 5.41 0.17 0.00
Mullet Mugil platanus P 9 2.89 0.09 4.44 0.35 0.13 1.35 0.03 0.00
Lantern midshipman Porichthys porosissimus NP 3 0.58 0.03 4.05 0.12 0.00
Butterfish Stromateus brasiliensis P 7 1.16 0.07 0.03 4.44 0.55 0.29 8.11 1.60 0.12 31.48 1.58 0.70
Anchovy Anchoa marinii P 1 0.58 0.01 4.05 0.41 0.00
Flatfish Etropus longimanus NP 30 0.58 0.31 2.70 0.20 0.02
Deep-bodied pipe fish Leptonotus blainvillanus NP 1 0.58 0.01 2.70 0.06 0.01 5.56 0.21 0.00
Atlantic anchovy Lysengraulis olidus P 4 1.73 0.04 0.22 4.44 0.35 0.00 1.35 0.03 0.00
Brazilian flathead Percophis brasiliensis NP 6 1.73 0.06 1.35 0.03 0.00
Bluefish Pomatomus saltatrix NP 6 1.73 0.06 1.35 0.09 0.69
Jenyns'ssprat Ramnogaster arcuata NP 14 1.73 0.15 2.22 2.07 0.00
Red porgy Pagrus pagrus NP 6 2.31 0.06 2.22 0.07 0.00

Unidentified teleosts 19
CEPHALOPODS 4762 49.13 49.71
Long finned-squid Loligo sanpaulensis NP 4746 48.55 49.55 79.8 45.95 32.77 75.57 92.59 77.09 95.03
Tehuelche octopus Octopus tehuelchus NP 8 1.16 0.08 0.27 1.35 0.06 0.00 1.85 0.13 0.48

Unidentified cephalopods 8
CRUSTACEANS 456 25.43 4.73
marine shrimp Artemesia longinaris NP 261 16.18 2.72 15.56 1.04 21.62 5.38 9.26 1.30
marine shrimp Pleoticus muelleri NP 40 1.73 0.41 2.22 1.24 1.35 0.12 1.85 0.38
Oppossum shrimp Neomysis americana NP 135 1.16 1.4 4.44 9.34
Small white shrimp Peisos petrunkevitchi NP 9 0.58 0.09 2.22 0.62

Unidentified crustaceans 11

NP: non-pelagic species, P: pelagic species

Table 3
Summary of generalized additive models for the prey consumption of franciscanas in
coastal Argentinean waters. For categorical explanatory variables, the effect given for
each level is relative to a reference level (for the variable area, all comparisons are in
relation to the estuarine area -FMA IVa- with the exception for cephalopods referred to
the north marine area -FMA IVb-). For each model, all significant explanatory variables
are listed with their associated probability (P) value and the overall % deviance explained
by the model. For categorical and linear explanatory variables, the direction of the effect
is indicated as + or −; for smoothers (s), the degrees of freedom are indicated in par-
entheses.

Significant variables % Deviance
explained

SL FMA IVb FMA IVc

Pelagic teleosts Smoothers 4,28 14.8
Effect −
P value P < 0,01 P = 0.05

Non pelagic
teleosts

Smoothers 1 6.36
Effect −
P value P = 0.289 P = 0.05

Cephalopods Smoothers 9,76
Effect +
P value P < 0,01

Crustaceans Smoothers 1,96 34,1
Effect +
P value P < 0,01 P < 0,01
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these populations are likely to be related to several non-exclusive fac-
tors. First, recent genetic evidence suggested that Franciscanas in FMA I
and FMA II should be considered to be evolutionary distinct compared
to the southern Franciscanas (FMA III and FMA IV) (Cunha et al., 2014).
Second abiotic and biotic factors are well known to influence the
abundance, distribution and nutritional quality of marine prey
(Österblom et al., 2008; Spitz et al., 2010; Wanless et al., 2005). Third,
both geographic areas are well known for the impacts that commercial
fisheries have on prey stocks that Franciscanas' consumed (Cunha et al.,
2014). Fourth, Guiana dolphins (Sotalia guianensis) in the FMA I and II
have similar foraging strategies to Franciscanas and are likely to com-
pete for similar prey sources (Cremer et al., 2012; Lopes et al., 2012).
However, the relevance of these factors remains to be explored.

4.2. Prey and macronutrient composition of diets in FMA IV

Although some morphological similarities supported the main-
tenance of the existing management areas (Barbato et al., 2012), recent
genetic evidence of the population structure of Franciscanas suggested
that the current format of four FMA is insufficient to manage and
protect the different populations (Cunha et al., 2014). In the FMA IV,
evidence of growth (Denuncio, 2012), pollutant concentrations (Polizzi
et al., 2013), fisheries impact (Bordino and Albareda, 2004; Negri et al.,
2012) and diet (Rodriguez et al., 2002; this study) support the need for
a reassessment of the extent of the FMA IV.

Nutrition plays a prominent role in intra- and inter-specific inter-
actions, population composition and evolution (Simpson and
Raubenheimer, 2012). Our results demonstrate that Franciscanas that
inhabit the FMA IV consumed prey species that differ in their protein-
to-lipid ratios (mass, wet weight) (Tables 2) from 3.6:1.0 (argentine
anchovy) to 32.3:1.0 (silverside), supporting previous findings that
marine predators feed on nutritionally diverse prey (Machovsky-
Capuska et al., 2016b, Machovsky-Capuska et al., 2016c).

Franciscanas in different sub-regions within FMA IV have diets with
similar P:L energy ratios, but mixed different combinations of prey in
their diets. In the south marine habitat (FMA IVc) they mainly preyed
upon long-finned squid that provide almost all the macronutrients
(94.2 M %) in their diet, whereas in north marine habitat (FMA IVb)
long-finned squid (69.2 M %) provided the majority of the macro-
nutrients in the diet in combination with four other species (Brazilian
codling, striped weakfish, Argentine anchovy and banded croaker). In
the absence of long-finned squid in the estuarine area (FMA IVa),
Franciscanas obtained most of their macronutrients from the white
croaker (56.6 M %), which was combined with six other prey species
(silverside, argentine croaker, striped weakfish, argentine anchovy,
banded croaker and Brazilian codling). The differences provided above
suggest that Franciscanas within the FMA IV forage in three different
habitats that might constitute similar realized nutritional niches: es-
tuarine, north marine area and south marine habitats (Fig. 4). These
differences are likely to be influenced by primary production, prey as-
semblages availability, pollution and oceanographic conditions (e.g.
bathymetry, hydrography, etc.) within these distinct ecoregions
(Guerrero et al., 2010; Jaureguizar et al., 2006; Spalding et al., 2007).
These results are consistent with recent genetic evidence that suggested
the consideration of a sub-division of FMA IV management unit into
three new populations: the sub-FMA IVa, IVb and IVc (Cunha et al.,
2014; Méndez et al., 2008; Negri et al., 2016).

Little is known about the lives of wild Franciscanas, due to their
elusive behaviour (Bastida et al., 2007). Field-based information on
these marine predators has been collected from by-caught animals
provided by artisanal fishermen, and the dietary information has been
mostly obtained from the analyses of stomach contents (Rodriguez
et al., 2002). Although the present dataset provides an exceptional
opportunity to build an integrated measure of the dietary niche breadth
and population differences within this species, the interpretation of the
results presented in here is subject to potential caveats. Sample sizes

may not ideal due to the unpredictability of fatal entanglements, or due
to difficulties in accessing remote areas (Bilgmann et al., 2011). The use
of published data to estimate the nutritional composition of prey also
has clear limitations, because of uncertainties around consistency and
validation of the methods used (Tait et al., 2014; Remonti et al., 2015).
However, these data also provide a unique opportunity to integrate
spatiotemporal scales that could lead to novel insights into the ecology
of animals that are difficult to study (either because they are too large
to be handled, or are cryptic, protected, or even extinct) (Spitz et al.,
2012).

Here, for the first time, we combined dietary analyses and nutri-
tional geometry to better understand the nutritional ecology of
Franciscana dolphins at multiple levels. First, we showed that
Franciscanas are able to consumed prey that differ in their P:L energy
ratios. Second, we estimated the minimal range of prey that contributes
to the food composition niche and dietary compositions that contributes
to the realized nutritional niche of Franciscanas. Third, we provide
evidence that the three Franciscana sub-populations suggested by ge-
netic evidence are likely to occupy three different prey composition
niches with similar realized nutritional niches within the FMA IV. There
is a need for a sustainable collection of data on the nutritional com-
position of prey and dietary intake in Franciscanas from the different
geographic locations and during different seasons, to clearly establish
how anthropogenic impacts (e.g. fisheries interactions, pollutants, etc.)
and environmental fluctuations influence the nutritional quality of prey
available, and their food composition and realized nutritional niches of
the different Franciscana populations. This information will be vital to
further explore the population structure of this species. Future studies
should also consider coupling animal-borne biologging techniques, in-
cluding the recently tested cetacean-borne video camera and integrated
sensor system (C-VISS, see more details in Pearson et al., 2017) with
nutritional geometry and other indirect dietary analytic methods (e.g.
stable isotopes, fatty acid signatures and others) to enhance our
knowledge on the nutritional ecology of marine predators and improve
conservation measures for endangered species (Machovsky-Capuska
et al., 2016e).
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