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Abstract

A subset of the bottlenose dolphin Tursiops truncatus gephyreus population in Laguna, southern Brazil, specialize in foraging
cooperatively with fishermen. In this study, we describe reproductive parameters for these dolphins and investigate whether
this specialized tactic generates reproductive advantages for females that frequently engage in this unusual behavior. We
analyzed photo-identification data collected during 233 boat-based surveys during 2007-2009 and 2013-2017. From 27,808
high-quality photographs, we identified and tracked the fate of 24 reproductive females and 45 of their calves. Calving was
found to be seasonal, with most births occurring in late spring/summer. The average crude birth rate was 0.09, and estimated
fecundity was 0.17. The mean inter-birth interval was 2.09 (for all calves) or 2.43 years (for surviving calves only). Sur-
vival to 1 and 2 years estimated by the Kaplan—Meier method was 0.78 (95% CI 0.65-0.92) and 0.65 (95% CI 0.51-0.83),
respectively—which represents a survival rate in the second year of 0.83. We investigated the potential influence of birth
timing, resource availability, and maternal foraging tactic, home range size and frequency of interaction with fishermen on
calf survival. Timing of birth was a significant predictor of calf survival. Giving birth close to the local mullet season would
provide lactating females with increased seasonal prey resources, leading to increased calf survival. Due to our sample size
(n=9 cooperative and 15 non-cooperative females), we could not conclude whether or not the cooperative foraging tactic
influences calf survival and female reproductive success. We emphasize the importance of long-term monitoring of popula-
tions to understand regional life history characteristics and provide accurate information for viability analyses.

Introduction

Long-term individual-based studies provide informa-
tion on multiple aspects of mammalian ecology, such as
individual life history (Mann et al. 2000), social systems
(Alberts 2019), population and community processes
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is common in cetacean population assessments to rely on
secondary data obtained from different populations of the
same species (Reed et al. 2002); however, since differ-
ent populations might be exposed to different ecological
conditions and pressures (Baker et al. 2018), such assess-
ments may have limited utility. There are clear benefits
to local conservation outcomes, therefore, to use region-
ally specific demographic parameters to produce reliable
population viability analyses (Manlik et al. 2016, Arso
Civil et al. 2017).

Moreover, understanding the factors influencing female
reproductive success, in terms of calf survival, provides
valuable insights into the causes of low population sizes,
declines and even extinction risks (Craig and Ragen 1999,
Baker et al. 2007). Reproductive success may be driven
by ecological (Thompson et al. 2007), socio-behavioural
(Cameron et al. 2009), environmental (Frick et al. 2010)
or morphological factors (Blueweiss et al. 1978; Pomeroy
et al. 1999). For cetaceans, in particular, calf survival seems
to vary with birth timing due to the influence of environ-
mental conditions such as water temperature and resource
availability (Brough et al. 2016); in parallel, the mother’s
experience, age, and size are also reported as a key factor
for calf survival (Elwen and Best 2004; Brough et al. 2016;
Karniski et al. 2018). The influence of behavioural tactics,
such as foraging specializations, or other ecological drivers,
such as resource availability, on the reproductive success in
cetacean populations needs further investigation.

Bottlenose dolphins (Tursiops spp.) show a wide distribu-
tion in temperate and tropical waters, in a variety of habitats
(Wells and Scott 1999). They have been the subject of sev-
eral long-term research efforts worldwide (e.g., Wells and
Scott 1990; Mann et al. 2000; Fruet et al. 2015; Arso Civil
et al. 2019; Cheney et al. 2019), enabling studies of many
aspects of their life history and reproductive biology in the
wild. Life history traits, such as female reproductive param-
eters, may vary considerably throughout its distribution.
Births can occur year-round (Félix 1994, Urian et al. 1996)
or seasonally (Thayer et al. 2003), varying geographically.
Peaks in calving season have been described for several
bottlenose dolphin populations, mainly those found in high
latitudes (Wells et al. 1987, Bearzi et al. 1997, Mann et al.
2000, Henderson et al. 2014), but also in tropical waters
(Fearnbach et al. 2012). Average inter-birth interval (IBI),
fecundity and calf survival vary greatly among populations
(Mann et al. 2000, Robinson et al. 2017, Baker et al. 2018),
and reproductive success of individual females may vary
within populations as well (Henderson et al. 2014; Fruet
et al. 2015; Brough et al. 2016; Robinson et al. 2017), due
to natural individual heterogeneity. Factors that may affect
female reproductive success include mother’s age (Karniski
et al. 2018) and foraging tactic (Mann et al. 2000, 2008;
Foroughirad and Mann 2013; Senigaglia et al. 2019), and
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her ability to give birth at an optimum time in the calving
season (Brough et al. 2016).

The bottlenose dolphins in Laguna, southern Brazil, are
a small, resident (Simdes-Lopes and Féabian 1999; Daura-
Jorge et al. 2013, Bezamat et al. 2019) and genetically dis-
crete population (see Fruet et al. 2014). Some individuals
from this population interact with artisanal fishermen in a
rare cooperative foraging tactic, which seems to benefit both
species (Simdes-Lopes et al. 1998, 2016). Dolphins herd
schools of fish, mainly mullet, towards fishermen, who stand
in shallow water waiting to cast their nets in response to
the dolphins’ stereotyped behavioural cues (Simdes-Lopes
et al. 1998, Peterson et al. 2008). This specialized forag-
ing tactic influences the social structure (Daura-Jorge et al.
2012), space use (Cantor et al. 2018) and acoustic repertoire
(Romeu et al. 2017) of the dolphins. The interaction has
also been shown to influence survival with slightly higher
survival rates among dolphins that regularly interact with
fishermen (Bezamat et al. 2019). Although in recent years,
we have investigated many aspects of the dynamic behav-
iour and social organization of this small dolphin population,
there is currently no information on reproductive parameters
and their influence on population viability.

Furthermore, the Society for Marine Mammalogy’s
Committee on Taxonomy (2017) has recently recognized
the coastal bottlenose dolphins from Southwest Atlantic
(southern Brazil, Uruguay and central Argentina), which
includes the bottlenose dolphin population from Laguna, as
the subspecies Tursiops truncatus gephyreus. This subspe-
cies is endemic to the area and is comprised by only a few
small and discrete population units (at least five; see Fruet
et al. 2014), probably totaling no more than a few hundred
individuals. It is noteworthy that at least two of these popula-
tions specialize in foraging with fishermen (Simdes-Lopes
et al. 1998). There is limited information on the reproduction
of this subspecies and only two of these units have repro-
ductive parameters estimated: the community in the Patos
Lagoon estuary (Fruet et al. 2015), about 520 km south of
Laguna, southern Brazil; and the population in Bahia San
Antonio, Argentina (Vermeulen and Briger 2015). In the
Patos Lagoon estuary, calving is seasonal, with most births
occurring during late spring and summer; mean IBI was
estimated to be 3 years (mode =2), and fecundity to be 0.11;
first- and second-year calf survival estimates were 0.84 and
0.86, respectively; most probable weaning age is 2 years
(estimated by stable isotope analysis); females first repro-
duced at a minimum age of 8—10 years; and reproductive
success varied considerably among individually identified
females. In Bahia San Antonio, calving is also seasonal
(83% of calves were born in spring or early summer); mean
IBI was estimated to be 3.5 (£ 1.03) years; and minimum
annual birth rate to be 0.04. As a regional assessment of
this subspecies is on the agenda, we should focus now on
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estimating such life history traits for other population units
and investigating which factors may influence heterogeneity
in female reproductive success, so we can examine variabil-
ity of reproductive rates and calf survival among and within
populations.

In this study, we used 8 years of mark—recapture photo-
identification data to estimate female reproductive parame-
ters for the Laguna bottlenose dolphin population, including
calving seasonality, fecundity, IBI, and calf survival rates.
We investigated potential factors influencing reproductive
success, in terms of calf survival, such as the mother’s for-
aging specialization and home range, and timing of birth
in relation to the mullet Mugil liza season, a key local prey
species. We also investigated the influence of the foraging
specialization on reproductive parameters, by comparing
parameters for females that frequently cooperate with fish-
ermen and those that tend to forage independently. Under-
standing the life-history characteristics of the Laguna bottle-
nose dolphin population is essential to evaluate its status and
viability, improving conservation and management actions
for this population and the subspecies Tursiops truncatus
gephyreus.

Methods
Data collection

From 2007-2009 to 2013-2017, we carried out boat-based
surveys of a small and resident bottlenose dolphin popula-
tion in the Santo-Anténio—Imarui-Mirim lagoon system, an
area of approximately 200 km? in Laguna, southern Brazil
(28°20" S-48°50" W; Fig. 1). During each survey, we fol-
lowed a 30-km predefined route using a 5-m boat powered
by an outboard engine aiming to cover the main area used
by the dolphins (Cantor et al. 2018). A group of dolphins
was defined as all individuals within a 50-m radius of each
other and engaged in similar behaviour (as in Daura-Jorge
et al. 2013; Bezamat et al. 2019). During encounters with
dolphins, we attempted to photograph both sides of the dor-
sal fin of all individuals and using only high-quality pictures
(on a scale of A to C in terms of angle, focus, exposure;
Williams et al. 1993) identified them from the nicks and
marks on their dorsal fins (Wiirsig and Jefferson 1990). Dur-
ing encounters we also recorded time, location, group size
and whether or not dolphins were interacting with artisanal
fishermen (see Daura-Jorge et al. 2012).

Individually identified adults seen in close association
with a calf—individuals of small size, dark gray in col-
ouration or visible fetal folds—for two or more subsequent
and independent encounters were assumed to be mothers.
While the mother—calf pairs were seen together, calves were
typically tracked via identification of their accompanying
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Fig. 1 The coastal lagoon system, adjacent to Laguna, southern Bra-
zil. Red line shows the predefined sampling route and blue stars the
sites where the interaction between dolphins and fishermen often
occurs

mothers, since young calves usually do not have long lasting
marks (n=45). Temporary marks on the dorsal fin and body
(e.g., scratches) also assisted in identifying calves individu-
ally. If a mother was sighted without her calf before it turned
2 years old (minimum age at weaning cf. Fruet et al. 2015),
in two or more subsequent and independent encounters, the
calf was assumed to have died. From the photo-identification
database, we extracted a detailed record of sightings and
calving histories for all reproductively active females identi-
fied throughout the study (i.e., those known to have given
birth to viable calves; n=24).

Reproductive parameters

The annual number of births was obtained from counts of
neonatal calves recorded each year. The annual crude birth
rate was calculated as the total number of documented births
divided by the total abundance of Laguna dolphins, esti-
mated each year using mark—recapture models (see Bezamat
et al. 2019; Table 2).

We assumed females become adults the year before the
production of the first known calf, given that pregnancy lasts
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about a year for the species (e.g., Perrin and Reilly 1984).
We used longitudinal photo-identification data to verify the
minimum number of adult females seen each year, and then
estimated fecundity as the number of female calves (assum-
ing a calf sex ratio of 1:1 for mammals; Caughley 1977),
produced by adult females in a given year (after Fruet et al.
2015):

n

F- — i % Nci
" 2n &Ny

where F ; 1s the estimated fecundity in year i; n is the total
number of years; N is the total number of calves born in
year i (range 2—7); and N, is the number of adult females
alive in year i (range 12-20; Table 2).

The seasonality of births and the peak birth period were
examined based on the estimated calendar month of parturi-
tions. For calves classified as newborns—with obvious fetal
fold marks, floppy fins, and less than half the length of their
mothers (Urian et al. 1996; Mann and Smuts 1999)—birth
was assigned to the month of their first sighting. Otherwise,
month of birth was estimated as the midpoint between the

date of the last sighting of a mother without the calf and
the date of the first sighting of the mother with the new
calf (adapted from Wells et al. 1987), when this interval
was < 60 days. In addition to data on newborns with known
mothers (Table 1), we also included data on two newborns
found dead on the beach during a systematic monitoring
program (personal communication from Pedro V. Castilho)
in estimates of the number of calves born in 2016 and 2017,
calving seasonality and fecundity (Table 2).

Inter-birth interval (IBI) was estimated as the time
elapsed between subsequent births for individual mothers
with two consecutive births where the estimated breeding
season of birth was available for both calves. Since calving
in Laguna is seasonal (most births occurred from December
to March; see results), we opted to use the breeding season
of birth here instead of month of birth (we could assign
month of birth for only 26 calves) to enlarge our sample size.
We used two approaches to calculate IBIs: (a) considering
only the intervals in which the first calf survived to age 2
(minimum age at weaning estimated by stable isotope analy-
sis cf. Fruet et al. 2015; n="7), (b) considering all intervals
(n=11), including those in which the first calf died before

Table 1 Sightings of

8 ID# Years

reproductive females

(ID#=individual photo-ID 2007 2008 2009 2013 2014 2015 2016 2017

catalogue number) and their

calves from 2007 to 2009 o o o Cl o YC2 (672 (67

and 2013 to 2017 in Laguna, 8 ° YC1 Cl 2 2 YC3 C3 C3

including sightings of females Cl C1 Cl

without a calf (marked with

a “e”) and their first (1), 10 * * YClL * Y2 ° YC3 a3

second (2), third (3), or fourth 11 YC1 Cl Cl . YC2 2 2 YC3

(4) calves. Calf ages were 12 YC] Cl Cl YC2 . ° ° °

categorized as young-of-year 14 YCI Cl cl1

(<1 year old; YC) and calves

(1-3 years old; C). The number 18 XCL Cl Cl Q Q * ° °

of adult females in each year 19 C1 C1 Cl

(#F) and the number of calves 21 . . . YC1 YC2 (o7) c2 c2

born in each year (#YOY) are 23 o N o N N N . YCl1

also shown. Calves included

in the survival analysis are e * ° * ° * XCl €l €l

underlined 27 ] o ] o ] o YC1 Cl
28 . . . YC1 Cl 1 YC2
31 YC1 Cl Cl . . . . .
36 YC1 Cl
40 . . YCl1 YC2 Cc2 (6 C2/YC3 C3
42 . YC1 Cl YC2 c2 C2+YC3 C2+C3 .
44 ° ° ° ° . YC1
50 YC1 Cl Cl . YC2 YC3 C3 YC4
51 ° ° ° ° ° ° . YC1
52 . YC1 Cl . YC2 Cc2 YC3 C3
56 . . YCI1 Cl Cl
63 . YC1 Cl YC2 2
#F 12 14 13 14 16 17 20 20
#YOY 7 3 2 5 6 6 6 5
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Table2 Summary of
reproductive rates of bottlenose

2007 2008 2009 2013 2014 2015 2016 2017

dolphins in Laguna, Southern
Brazil, estimated from
mark-recapture studies;
Fecundity =ratio between

the number of female calves
(assuming a calf sex ratio of
1:1) and the number of adult
females in Laguna (cf. Fruet
et al. 2015)

Photo-ID surveys
Abundance?®

Adult females

Newborn calves

Calves surviving to age 1

Reproductive success
Crude birth rate
Fecundity

Calves surviving to weaning (age 2)

25 49 31 51 15 25 23 14
54 60 60 55 53 52 60 -

12 14 13 14 16 17 20 20
7 3 2b 5 6 6 7° 6be
6 3 - 3 3 5 6 -

6 - - 3 2 4 - -
086 - - 060 017 067 - -
013 005 003 009 011 012 012 -
029 011 008 018 019 018 0175 0.5

#Extracted from Bezamat et al. 2019

"Number of births could be underestimated, since we conducted few surveys at the end of these years

“We included one newborn of unknown mother, found dead in the study area

1 year. A difference between these two estimates could sug-
gest the anticipation of a new pregnancy when females lose
their calves early in life.

We assumed that a female reproduced successfully if her
calf survived from birth to age 2 (the minimum age at wean-
ing cf. Fruet et al. 2015; Mann et al. 2000; Senigaglia et al.
2019). We then estimated female annual reproductive suc-
cess as the proportion of calves born in a given year that sur-
vived to age 2 (Table 2). To validate the weaning age used
as reference (Fruet et al. 2015), we estimated weaning age
as the length of time a calf remains with its mother swim-
ming in infant position, based on the estimated month of
birth and the estimated date of weaning (adapted from Mann
et al. 2000). Date of weaning was estimated as the mid-point
between the date of the last sighting of the mother-calf pair
closely associated and the first sighting of the mother with-
out the calf (Karniski et al. 2018; Senigaglia et al. 2019). We
only considered calves we could track after separating from
their mothers, to make sure they survived to weaning (n=3).
Besides estimating reproductive parameters for the whole
population, we also estimated fecundity and IBI separately
for cooperative and non-cooperative females. We classified
cooperative and non-cooperative dolphins according to the
relative frequency with which they interact with artisanal
fishermen, following procedures described in Cantor et al.
2018.

Factors influencing calf survival

We used survival analysis to estimate calf survival and
investigate potential factors affecting mortality over the first
3 years of life (Kleinbaum and Klein, 2012). We included 36
calves in this analysis, those we tracked from birth. Twelve
of these were tracked from birth to death. The remaining 24
were labeled as right censored, including those that were still
alive at the end of the study, and those we could not keep
track and therefore we do not know whether they survived or

not within 3 years (the maximum time we evaluated consid-
ering the study period). We used the Kaplan—Meier nonpara-
metric method to estimate survival probabilities over time
(Kaplan and Meier 1958; Cleves et al. 2010). For each time
interval, survival probability is calculated as the number of
individuals surviving divided by the number of individuals
at risk (i.e., alive and not censured).

We then investigated the potential influence of several
factors on calf survival using Cox proportion hazard models,
which describe how the instantaneous risk of death occur-
ring at a given time is affected by covariates (Cox 1972).
The following predictive variables were considered: (1)
Mother;—mother frequency of interaction with fishermen
estimated as the number of independent events each female
was observed foraging with artisanal fishermen divided by
the total number of observed foraging events (see Bezamat
et al. 2019); (2) Mother;;—mother home range size esti-
mated from location data using the adaptive local convex
hull method (a-LoCoH; Getz et al. 2007) minimizing spatial
autocorrelation bias by randomly selecting a single loca-
tion point per female per sampling day, excluding land, and
selecting the a parameter as the average maximum distance
between any two location points for each female following
the heuristic rule proposed by Getz et al. (2007) in R (R
Core Team 2017) using the adehabitatHR package (Calenge
20006); (3) Motherc,,,—mother foraging tactic—females
that were seen interacting with fishermen in more than
31.6% of their observed foraging events were classified as
cooperative, and the others were classified as non-coopera-
tive (this cut-off was defined following Cantor et al. 2018);
(4) T,,.ne—the time (in months) between birth and the peak
of the following mullet season (June; Lemos et al. 2014);
(5) Npuie—the fishery yield off southern and southeastern
Brazil of the mullet season following the birth (Sant’ana and
Kinas 2016; Sant’ana et al. 2017). Covariates 1-3 investi-
gate whether mothers participation in the cooperative tactic
with fishermen influences calf survival; covariates 4 and 5
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are proxies for prey availability for lactating females—in
Laguna, there is a marked seasonality in prey availability
related to a peak in the abundance of mullet from May to
July, when mullet migrate from Argentina to southern Brazil
to spawn (Lemos et al. 2014).

To model calf survival as a function of these 5 covariates,
we constructed a set of univariate Cox models. All models
were fitted adding mother ID as a random effect using the
function coxme, from R package coxme (Therneau 2018).
For each Cox PH model, we report the estimated hazard ratio
and p value. A hazard ratio of 1 indicates that the predictive
variable has no effect on survival; a hazard ratio of less than
1, indicates a reduction in the mortality risk with a higher
value of the variable; and a hazard ratio of more than 1,
indicates an increase in the mortality risk. We used Akaike’s
Information Criterion and Akaike weight to rank and found
the most parsimonious model by favoring the model with
lowest AIC. For calculations of AIC and Akaike weight
(see Burnham and Anderson 2002), we used the R package
‘MuMlIn’ (Barton 2009).

Results
Reproductive parameters

We analyzed photo-identification data collected system-
atically during 233 boat-based surveys in 2007-2009 and
2013-2017. From 27,808 high-quality photographs, we
identified and tracked the reproductive history of 24 females
(Table 1). The maximum number of documented calves per
female was four (mode =1). During the study, we docu-
mented 40 births and five one-year-old calves first sighted
in 2007 and 2013, as well as two dead neonates stranded
on the beach. The annual number of reproductive females
(range 12-20) and births (range 2—7) varied throughout
the study (Table 2). The average crude birth rate was 0.09
(SD=0.04) and estimated fecundity was 0.17 (SD=0.06).
We successfully assigned the month of birth for 26 new-
borns of 17 known females, and both dead neonates. Births
occurred from September to April, but the majority (79%)
from December to March (late spring and summer months;
Fig. 2).

Inter-birth interval for females with surviving calves
was either 2 or 3 years, and the mean IBI was 2.43 years
(n="7 IBIs for six individual females). Including intervals
in which the first calf died before one year of age, mean
IBI was 2.09 years (n=11 IBIs for nine individual females;
mode =2). Two females had a 1-year calving interval; they
have lost their calves within the first weeks of life, making
them receptive for another pregnancy.

Weaning age was documented for only three calves. Sep-
aration of the mother and calf occurred after 2 (n=1) or
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Fig. 2 Birth seasonality for bottlenose dolphins in Laguna based on a
long-term monitoring study (2007-2009 and 2013-2017) in relation
to the peak of the mullet season in June. Light gray bars express the
number of births estimated from mark—recapture surveys conducted
in the lagoon system, while the dark gray bar expresses the number of
neonates found stranded during beach surveys

3 years (n=2). They left their mothers probably few weeks
(1-3 months) before a new calf was born. In one case, the
older sibling, after nursing for 2 years, continued to associ-
ate with its mother ID#42 and her new calf eventually for
at least another year. We managed to track only one female
ID#51 from birth until her first calving. She gave birth for
the first time in 2017 at age 10, and her calf survived to age
2.

Factors influencing calf survival

Survival to 1 and 2 years estimated by the Kaplan—Meier
method were 0.78 (95% CI 0.65-0.92) and 0.65 (95% CI
0.51-0.83), respectively—which represents a survival rate
in the second year of 0.83. Results from the best fitting Cox
model showed that birth timing influences calf survival
(Table 3). Calves born closer to the mullet season have a sig-
nificantly lower mortality risk than calves born earlier in the
calving season (Calf,,,,.4 ~0.82.T,11er; hazard ratio=2.29;
SE=0.36; z=2.28; p=0.02; Table 3). Calf survival is not
significantly related to the other four predictive variables.
Out of the 24 individually identified females, we clas-
sified nine as cooperatives and 15 as non-cooperatives.
Mean annual fecundity was 0.18 (SD=0.14) for coopera-
tives and 0.15 (SD =0.05) for non-cooperatives. Mean IBI
(including intervals in which the first calf died before 1
year of age) was 2 years for cooperative females (n=4)
and 2.14 years for non-cooperative females (n=7).
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Table 3 Summary of the Cox proportional hazard models for factors
influencing calf survival. Fixed input parameters include mother fre-
quency of interaction with fishermen (Mothery), mother home range
size (Motheryg), mother foraging tactic classification (Mother,y),
time between birth and the peak of the following mullet season
(Trune) and fishery yield of the mullet season following the birth

(Npuie)- All models contain the random effect of mother ID. Models
are ranked according to the lowest Akaike information criterion cor-
rected for small sample size (AICc). Notation: delta AICc (AAICc),
log-likelihood (logLik), degrees of freedom (df) and AICc model
weight (weight). For each model we reported the estimated hazard
ratio (Haz) and p value (p)

Cox models Haz )4 AlCc AAICc logLik df Weight
Calfyyara ~ Tnullet 2.29 0.02 48.6 0.00 -17.20 4 0.968
Calf},.q~ 1 - - 57.3 8.73 - 19.21 5 0.012
Calfy,a ~ Noutiet 4.26 0.24 58.1 9.48 - 18.79 6 0.008
Calfy,,,,,g ~ Mothery 1.00 0.95 59.5 10.92 - 19.19 6 0.004
Calf},y4q ~ Mothercg,, 0.70 0.75 59.8 11.19 —19.04 6 0.004
Calf,,,..q ~ Motheryg 0.97 0.52 59.8 11.25 —18.54 6 0.003

Because our sample size is small, we cannot tell whether
this slight difference between groups is statistically sig-
nificant or not.

Discussion

This study extends our knowledge on bottlenose dolphin
reproduction, especially on a small and resident population,
representative of the recently recognized subspecies Tursi-
ops truncatus gephyreus endemic to the Southwest Atlantic,
and with a very specialized and unusual forage behavior.
Using longitudinal sighting data from dedicated boat sur-
veys in Laguna, southern Brazil, we established long-term
reproductive histories of known females and investigated
calf production, IBIs and calf survival. We also evaluated the
potential factors influencing calf survival, including moth-
ers’ features, such as the frequency with which they interact
with fishermen, and the timing of birth in relation to prey
availability. Moreover, we estimated fecundity and IBI sepa-
rately for females that often cooperate with fishermen, and
for females that tend not to cooperate.

Calving season in Laguna was the same as in the Patos
Lagoon estuary (Fruet et al. 2015), as expected due to the
proximity of the two populations (520 km). Crude birth
rate, mean IBI, fecundity and calf survival were also simi-
lar. Although the Laguna population is apparently geneti-
cally isolated from other population units (Fruet et al. 2014),
they share similar reproductive traits, suggesting consist-
ence among populations of the subspecies. Differences in
life history parameters may reflect the different ecological
and environmental conditions and pressures to which each
population or community is subject. Anthropogenic threats
faced by dolphins in both places include habitat degradation
and entanglement in fishing gear (Fruet et al. 2012; Daura-
Jorge et al. 2013; Bezamat et al. 2019; Righetti et al. 2019),
which will be discussed later.

Reproductive parameters

Calving in Laguna was highly seasonal, with most births
occurring in late spring and summer. Bottlenose dolphins
show a great variability in the seasonality of their reproduc-
tion in different areas (Urian et al. 1996). Birth seasonality
may be influenced by seasonal changes in the environment,
including water temperature (Wells et al. 1987; Henderson
et al. 2014), food availability (Urian et al. 1996; Mann et al.
2000) and predation pressure (Mann and Watson-Capps
2005; Fearnbach et al. 2012). Females tend to give birth
when the water is warm, which is thermally efficient for
small calves, increasing calf survival. A high abundance of
food is also important to support the costs of lactation, the
most energetic demanding time of reproduction (Kastelein
et al. 2002; Rechsteiner et al. 2013).

Forty-two calves were born to resident females between
2007-2009 and 2013-2017, and the average crude birth rate
was 0.09, which is similar to that found for other bottlenose
dolphin populations, such as Patos Lagoon Estuary, Brazil
(0.09; Fruet et al. 2015), Shannon Estuary, Ireland (0.07;
Baker et al. 2018) and Mikura Island, Japan (0.07; Kogi
et al. 2004). As reported by other studies (e.g., Steiner and
Bossley 2008; Kogi et al. 2004; Cheney et al. 2019), some
births may have gone unnoticed, particularly for females that
have lost their calves very soon after birth, before we were
able to observe them. As a result, the number of calves born
each year may be biased low, especially in 2009 and 2017,
when we conducted fewer surveys during the calving season.
To minimize this bias, we included the two newborns we
found dead on the beach in the estimates, even though we
could not tell from which females they were born. Neverthe-
less, the mean annual crude birth rate for Laguna dolphins
of 0.09 fall within the range reported for other bottlenose
dolphins populations, from 0.04 in Doubtful Sound, New
Zealand (Henderson et al. 2014) and Baia San Antonio,
Argentina (Vermeulen and Briger 2015) and 0.12 in the
North Sea, Scotland (Robinson et al. 2017).
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Although our sample size is small, the mean IBI of 2.0
and 2.4 years estimated here is similar to those reported for
the Shannon Estuary, Ireland (Baker et al. 2018) and the
Adriatic Sea, Croatia (Bearzi et al. 1997), but at the lower
range reported from elsewhere (see Baker et al. 2018). How-
ever, we probably missed longer IBIs since the study period
was relatively short when compared to dolphins’ life span,
and we had a gap in data collection from 2010 to 2012. For
example, female ID#31 had a calf in 2007, which stayed with
her until the beginning of 2010 at least, from 2013 to 2017
she was never seen with a calf, and in 2018 (data not shown)
she gave birth again.

The first-year survival rate estimated here (0.78) is similar
to that reported for the Adriatic Sea (0.77; Fortuna 2007)
and Sarasota Bay, USA (0.71; Mann et al. 2000). Elsewhere,
rates of between 0.89 (Shannon Estuary, Ireland; Baker et al.
2018) and 0.37 (Doubtful Sound, New Zealand; Currey
et al. 2009) have been reported. The cumulative impacts on
individuals < 3 years old in Doubtful Sound resulted in a
reduced recruitment, which is probably the cause of popula-
tion decline (Currey et al. 2011). First-year survival rate is
likely to have been slightly overestimated here, given that
some calves probably died before being sighted (as in Mann
et al. 2000; Kogi et al. 2004). Second-year calf survival rate
(0.83) is comparable to the estimate obtained for bottlenose
dolphins in Shark Bay, Australia (0.82; Mann et al. 2000).

Factors influencing calf survival

The causes of calf mortality in Laguna are uncertain. One
of the main causes is the bycatch in illegal trammel net-
ting in the dolphins’ core area (Peterson et al. 2008, Laguna
municipal law number 1.998/2018). The necropsy of dolphin
carcasses recovered by a systematic monitoring program
revealed several deaths caused by entanglements or injuries
from fishing gear in the last few years, of both adults and
calves (Bezamat et al. 2019). From December 2017 to Octo-
ber 2019 at least, a live calf was seen entangled in marine
debris wrapped tightly around its head. Boat collision is
another direct impact that threatens calf survival. In January
2019, a 1-month-old calf was found dead and the necropsy
revealed a blunt trauma injury on its cervical spine, suggest-
ing the calf was hit by a boat. Predation pressure in Laguna
is very low, since predators of bottlenose dolphins (i.e., large
sharks and killer whales, Orcinus orca) were never seen in
the estuary and rarely seen in the surroundings, and we have
never observed shark scars or wounds on the dolphins.
Less obvious human impacts could also be affecting calf
survival, such as PCB contamination. Blubber PCB con-
centrations in some biopsied dolphins in Laguna exceeded
the PCB toxicity threshold for the species (Schwacke et al.
2002; Righetti et al. 2019). PCBs are known to bioac-
cumulate in dolphins and are passed on to calves via the
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female, through gestation and lactation, increasing the
chances of fetal and calf mortality, particularly for first-
born calves (Reddy et al. 2001, Wells et al. 2005). About
80% of the mother’s body burden of PCBs and t-DDT is
transferred to the calf through lactation within 7 weeks
post-partum, with the first-born offspring receiving the
majority of the mother’s body burden (Cockcroft et al.
1989). Some small or declining populations of bottlenose
dolphins and killer whales in the NE Atlantic were associ-
ated with low recruitment, consistent with PCB-induced
reproductive toxicity (Jepson et al. 2016). Other potential
human impact is the acoustic disturbance from daily boat
traffic and the construction of a 2.8 km bridge, from late
2012 to early 2015, in a core area for the dolphins at that
time. Disturbance during the bridge construction included
dredging (see Pirotta et al. 2013; Todd et al. 2014), pile-
driving (see Bailey et al. 2010) and increased boat traffic
(see Bejder et al. 2006; Pérez-Jorge et al. 2016). Since
acoustic communication between mothers and calves is
essential to their associations, if anthropogenic noise
disrupts this communication it could lead to the severe
debilitation and even death of a dependent calf (Parsons
and Dolman 2004).

Calf survival was influenced by timing of birth. Calves
born closer to the peak of the following mullet season had
a higher chance of survival relative to calves born in other
periods. As aforementioned, when giving birth close to the
mullet season, lactating females can take advantage of sea-
sonally abundant resources for raising offspring. Synchro-
nizing time of birth with high food abundance has been cor-
related with reproductive success in other bottlenose dolphin
populations (Urian et al. 1996; Fruet et al. 2015).

Regarding different foraging tactics within the population,
our small sample size prevents us to draw conclusions on the
influence of the cooperative tactic on female reproductive
success. A longer time series is required to state whether or
not this forage specialization increases individual fitness.
Whereas even a small difference in survival, over multiple
generations, could represent a selective advantage and con-
tribute to the evolution and maintenance of the cooperative
fishing specialization. In Western Australia, food-provision-
ing negatively affects calf survival and female reproductive
success in bottlenose dolphins; calves of provisioned females
had a lower survival rate to weaning age (Mann et al. 2000;
Senigaglia et al. 2019). In Shark Bay, there was a decline
in bottlenose dolphin survival and reproductive rates after
the 2011 marine heatwave (Wild et al. 2019); interestingly,
dolphins that use tools to forage—known as spongers—were
less affected, suggesting that this specialized tactic plays
an ecological role that reduces the negative effects of the
heatwave. However, calving success of sponger females was
not significantly different from non-spongers (Mann et al.
2008). Differences in calving rate within populations of
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killer whales due to different foraging specializations have
also been described (Tixier et al. 2015; Esteban et al. 2016).

Besides estimating reproductive parameters crucial for
a population assessment, our findings reveal that timing
of birth in relation to resource availability may influence
reproduction success of bottlenose dolphins in Laguna. Due
to our small sample size, we could not conclude whether
or not the cooperative foraging tactic influences calf sur-
vival and female reproductive success. Moreover, this study
emphasizes the importance of long-term, individual-based
monitoring of populations to understand regional life history
characteristics and provide accurate information towards
effective conservation and management. This is especially
critical for this dolphin population in Laguna that retains the
tactic of cooperating with fishermen, but also faces several
human threats that put them at local and regional risk of
extinction.
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