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Abstract

Santa Catarina State, in southern Brazil, is an important

breeding ground for the southern right whale and it is possi-

ble to record mother-calf pairs and unaccompanied adults

that migrate to this coast to either give birth, mate, or

socialize. From the geographical position of the sightings,

spatial segregation was evaluated between mother-calf

pairs and unaccompanied whales. Using GAM, we analyzed

15 years of aerial survey data from 2003 to 2018. The

study area (780 km2) was divided into 500 × 500 m grid

cells. Whale count per grid cell was modeled using a set of

explanatory variables. The explanatory variables of latitude,

coast distance, seabed, and maximum SST were selected for

both classes. However, coast type was also selected for

unaccompanied whales, while coast linearity and bathymet-

ric slope were additionally selected for mother-calf pairs.

The response curves fitted by models indicated a certain

degree of spatial segregation, by which mother-calf pairs

remained closer to the coast, where the curve peak is

reached at 500 m from the coast, compared to unaccompa-

nied whales where the curve peaked near 1,000 m from the

coast. Also, unaccompanied whales more frequently

appeared in the southern boundaries of the study area, at

latitudes south from 28.4�S.
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1 | INTRODUCTION

The southern right whale, Eubalaena australis, is distributed seasonally along coastal breeding grounds in the South-

ern Hemisphere. It migrates between high latitude feeding grounds and low latitude breeding grounds, whereby it

moves to the latter in the austral winter and spring seasons to mate, give birth, and nurse young (Evans, 1987,

Kenney, 2009). In the Southern Hemisphere, eleven management units are delineated: sub-Antarctic New Zealand,

mainland New Zealand/Kermadec, Australia, Central Indian Ocean, Mozambique, South Africa, Namibia, Tristan da

Cunha, Argentina, Chile/Peru, and Brazil (International Whaling Commission, 2012).

Historical data confirm that the original distribution of southern right whales is from the Bahia State in the

northeast region of Brazil to the Rio Grande do Sul State, the southern state of Brazil (Ellis, 1969). With the excep-

tion of sporadic records from the northeast and southeast parts of the Brazilian coast (Figueiredo et al., 2017; Lodi

et al., 1996; Rossi-Santos et al., 2003; Santos et al., 2001), the main concentration of right whales appears to be

along the southern coast of Santa Catarina State (Lodi et al., 1996; Pallazo & Carter, 1983; Renault-Braga

et al., 2018; Simões-Lopes et al., 1992), primarily between Florianópolis (27.768�S) and Torres (29.367�S). However,

over this coastline, the species does not appear to have a homogeneous distribution. In fact, higher whale abundance

can be found in a few bays that are occupied by whales throughout the breeding season, from July to November

(Renault-Braga et al., 2018).

The presence of mother-calf pairs indicates that southern Brazil is a breeding and nursing ground for the species.

Unaccompanied adults are also known to socialize and mate in this area. In other breeding grounds like Argentina

and South Africa, mother-calf pairs have a distinct distribution compared to unaccompanied adults. Pregnant females

and mother-calf pairs tend to remain closer to the coast, which suggests a degree of spatial segregation (Best, 2000;

Burnell & Bryden, 1997; Elwen & Best, 2004a; Payne, 1986).

Segregation by sex, age, and reproductive status has been observed in several species of marine mammals (Lyholm

et al., 1999; Loseto et al., 2006; Ruckstuhl & Neuhaus, 2005). Spatial segregation has also been observed between

mother-calf pairs and unaccompanied humpback whales (Megaptera novaeangliae) in Hawaii (Craig et al., 2014) and

southern right whales in South Africa (Elwen & Best 2004a) and Argentina (Crespo et al., 2018; Sueyro et al., 2018). In

South Australia, researchers from land-based stations, using reticulate binoculars or a theodolite also report minor seg-

regation between mother-calf pairs and unaccompanied southern right whales (Chatlton et al., 2019).

In Santa Catarina State, records on right whales primarily center on mother-calf pairs (Groch et al., 2005;

Renault-Braga et al., 2018; Seyboth et al., 2015). However, recent studies indicate that unaccompanied adults pri-

marily occupy the southern areas of the coast (Danilewicz et al., 2016). This leads to the hypothesis that spatial seg-

regation based on reproductive status may exist in the Brazilian breeding grounds of southern right whales, which

we aimed to test.

2 | METHODS

2.1 | Study area

The study area extends along the Right Whale Environmental Protection Area (in Portuguese, �Area de Proteç~ao

Ambiental da Baleia Franca [RWEPA]), which is a federal conservation unit, established along 130 km of the coast
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that runs from the south of Santa Catarina Island (27�250S, 48�300W) to Balneário Rinc~ao (28�420S, 49�160W), with a

total area of 1,560 km2 reaching a distance of 6–12 km off shore (ICMBio, 2018; Figure 1).

The northern coast of the study area includes several bays that are separated by small hills and rocky promonto-

ries, and has an north–south orientation. The seabed is formed by sand and/or clay (Pereira et al., 2009). In contrast,

the southern coast along Santa Marta Cape is uninterrupted with an northeast–southwest orientation. The water

depth in the study area is <20 m.

F IGURE 1 Study area with the Right Whale Environmental Protection Area (RWEPA), Santa Catarina State.
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The study area is under the influence of the Brazil and Malvinas currents. The Brazil current is of tropical origin and

carries warm and saline waters (Castro & Miranda, 1998). The Malvinas current originates from the Antarctic circumpo-

lar current and carries more nutrient-rich and colder waters compared to the Brazil current (Campos et al., 1996).

2.2 | Data collection

2.2.1 | Surveys

The distribution of the whales and count data were obtained from a systematic 12-year study conducted by Projeto Baleia

Franca and the Instituto Australis from 2003 until 2018. The data set used for this analysis consists of 15 aerial surveys con-

ducted in September, the peak time of whale abundance, from 2003 to 2018 (except for 2014). Data were collected by

trained observers, per standardized survey protocols (Renault-Braga et al., 2018) using a helicopter (Bell Jet Ranger). Survey

tracks were 500 m off and parallel to the coastline. Surveys were conducted at a mean speed of 100 km/hr and an altitude

of 300 m. We surveyed only on days with the optimal conditions of low wind speeds (<10 knots), low sea states (≤3 Beau-

fort Sea Scale), adequate lighting (0800 to 1600), and good visibility (horizon line visible). Once a whale or a group of whales

was spotted, the helicopter hovered over the animal or group at an altitude of 100 m to record its latitude and longitude

position, and to take photographs for individual photo identification. The helicopter stayed in a position to get the best pho-

tograph, positioning as directly above the whale as possible. This minimizes the bias of the difference of the real position of

the whale, and the latitude and longitude position recorded at the GPS. After data collection, the helicopter resumed the

survey at the last point prior to deviating from the route. In 2006, 2009, 2012, and 2018 the surveys occurred over two

days. In all other years, 1 day was sufficient to cover the entire study area. When the survey was divided into 2 days, the

area covered was the same as that covered in just 1 day. We assumed that the chance that a whale already spotted had

moved between the covered area and the uncovered area, and was recorded twice was the same as that of an unspotted

whale moving from an uncovered area to the already covered area and not being counted in a survey that occurred over

2 days. In addition to the pilot, three observers were in the aircraft (one in front and two in the rear). The main observer

searched for the whale groups below and ahead of the aircraft, sat in the front near the pilot, and, had the larger field of

vision due to this position. This observer was also responsible for recording whale numbers, group composition, GPS loca-

tion, whale behavior, and photographs. The observer behind the pilot searched for whales on the starboard side, took pho-

tographs, and observed whale behavior and group composition. The third observer sat next to the photographer, and along

with the main observer, searched for whales on the port side of the aircraft and assisted with obtaining photographs. Group

composition was recorded as follows: adults unaccompanied by calves and adults accompanied by calves (assumed to be

and referred to as mother–calf pairs). Unaccompanied adults comprised pregnant females, females in their resting year

(females that are not pregnant or in nursing year), socially active groups, and solitary males or females that migrated mainly

to mate. Following the peak time of birthing, mainly in August in South Africa (Best, 1994), we assumed unaccompanied

whales mainly consisted of males or females that had migrated to mate or socialize. Females also can migrate the year after

calving to teach their calves the migratory route to the breeding ground (Burnell, 2001). Calves were recognized based on

their size (about one-third the length of an adult) and association with their presumed mother. In the surveys, we also

recorded subadults (including whales more than one year old); however, as few of them were observed, we decided to

exclude them from analyses. Subadults were confirmed using photographs that analyze their head shape (Sironi, 2004).

2.2.2 | Sampling effort

As the routes remained constant across the years, a buffer was created with 2.5 km from the route with the software

ArcMap 10.1 (ESRI). The resulting area that overlapped with land was excluded, which results in an area of

522.9 km2 that covers a distance of 3 km from the coastline (Figure 1). This polygon was considered the sampling
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area. From the routes, a distance of 2.5 km was secured to identify sightings of right whales. Summing a distance of

500 m from coast, we covered a total of 3 km from coastline, which is the same area used in previous works

(Renault-Braga et al., 2018). A grid of 500 × 500 m cells, which used this polygon as boundaries, was created, and

each cell was considered a sample unit. The cell size was defined considering the median of whale groups' distance

(299 m) in 2018, year with more occurrences. The resolution of explanatory variables was also considered, defining

this so as to avoid producing a lot of cells with the same values for variables. The midpoint of each cell was extracted,

and each cell area was calculated once the land areas that overlap with the cells were excluded (Figure 1). We used

UTM WGS 84 22 S projection to minimize projection distortions.

2.2.3 | Habitat variables

All explanatory variables used in this study were previously identified in other studies of the distribution of right

whales (Best, 1990, 2000; Cummings, 1985; Elwen & Best, 2004a, 2004b; Keller et al., 2006; Payne, 1986; Rayment

et al., 2015; Silveira, 2011; Table 1).

Latitude of the midpoint point of each cell was extracted by UTM-WGS84 projection. The coast distance was

estimated as the linear distance between the midpoint of each cell and the coastline using the “near” tool on

ArcMap. The bathymetry raster was created with data obtained from “Projeto Batimetria do Serviço Geológico do

Brasil – CPRM” (http://www.cprm.gov.br) using a triangulated irregular network (TIN) interpolation. The bathy-

metric slope was estimated using the same raster generated for bathymetry and the “slope” tools on ArcMap

10.1 (ESRI).

The coastline was clipped in 4 km latitudinal intervals to generate a coast linearity values. For each interval, the

coast was overlaid with a straight line. The ratio between the size of the estimated straight coastline and the real

coastline was then used to generate a value for coast linearity. Offshore grid cells (>1.5 km from the coast) were con-

sidered as open and unprotected; therefore, their coast linearity index was set to one (1 − real coastline = estimated

straight coastline; see supplementary figures).

The coast type was classified into four categories: sand beach (beach), rock headlands (rock), river mouths (river),

and offshore. All data were obtained from georeferenced images available at ArcMap 10.1 (ESRI satellite image).

Only rivers with mouths of ≥50 m were considered. All grid cells beyond 1.5 km from the coastline were considered

offshore, as used for coast linearity.

TABLE 1 Explanatory variables used to build the models of occurrence patterns and abundance of southern right
whales in RWEPA in southern Brazil.

Explanatory variable Unity Resolution Model reference Collinearity

Latitude Decimal degree — Lat —

Coast distance Meters — dist_coast bat (0.77)

Batietry Meters 900 m bat dist_coast (0.77)

Slopea Degree 900 m slope —

Coastline linearitya Index 4 km coast_lin —

Coast type Categorical — shore —

Sediment type Categorical — sediment —

Mean SST Celcius degree 500 m tsm_mean —

Maximum SST Celcius degree 500 m tsm_max —

Minimum SST Celcius degree 500 m tsm_min —

aLog transformation.
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The type of seabed was obtained from georeferenced images using a regional atlas of morphology and sedimen-

tology (Martins & Corrêa, 1996). Only two classes of sediments were identified: sand and silt. For bathymetry, slope,

coast linearity, and a coast type raster, each midpoint of the grid was associated with the corresponding values in

the environmental raster.

The sea surface temperature (SST) was obtained from the MODIS platform (http://oceancolor.gsfc.nasa.gov),

using the mean value from each September of each year. The SST values of each year were associated with the mid-

point of the cell grid, and thus matrix data were generated. From this matrix, we calculated the mean, maximum, and

minimum SST values for each midpoint of the cell grid.

2.3 | Data exploration

Data exploration of the explanatory variables was conducted according to Zuur et al. (2010). Boxplots were

produced to identify outliers and pairs plots were used to identify collinearity r ≥ 0.7) (Zuur et al., 2009).

Bathymetry and coast distance were used to demonstrate collinearity r = 0.77). We decided to use coast dis-

tance as a better variable once bathymetry was considered the interpolation data and coast distance as the real

distance data.

2.4 | Data analysis

Whale sightings were plotted on a map using the software ArcMap 10.1 (ESRI). Using “near” as a tool, the sighting

was associated with each cell of the generated grid. The number of whales in each cell (count of whales per cell)

was modeled with a suite of GAMs (generalized addictive models; Zuur et al., 2009). We tested the following

three distribution families to identify which would be the most appropriate: Poisson with a log link function, nega-

tive binomial with a log link function, and zero-inflated Poisson with a logit link function. We used thin plate

regression splines for smoothing and a test of concurvity for assessing if some of the smooth terms in the final

model could be approximated by other smooth terms. The distribution was selected after running a full model,

using the Akaike information criterium (AIC) and validated by residuals (Zuur et al., 2009). Spatial autocorrelation

was examined by plotting the semivariograms of the best fit model residuals using the geoR package (Ribeiro &

Diggle, 2006). A full model was constructed using all variables with the best-fitted family. From this model, all vari-

ables that were not significant (p < .05) were excluded. We defined the final model using a model with all signifi-

cant variables, the backward selection mode, and the lowest AIC score. All analyses were made in R.3.4.2

(R Development Core Team, 2010) with the mgcv 1.8–20 package (Wood, 2017). We produced separate models

for unaccompanied adults and mother-calf pairs. For mother-calf pairs, only the “mother” was accounted for in

the whale counts. To test the hypothesis of the segregation between unaccompanied adults and mother-calf pairs,

the selected model outputs were compared.

3 | RESULTS

3.1 | Whale counts

Of the total 721 whales (count) included in the models, 200 were unaccompanied adults and 521 were mother-calf

pairs (Table 2, Figure 2). The histogram shows that 87.2% of the cells did not contain whale records, and that only

72 (2.82%) of the 2,553 cells had been registered for both whale classes. From 2,553 cells, 72 were occupied only by

unaccompanied adults and 207 were occupied only by mother-calf pairs.
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3.2 | Model selection

For unaccompanied adults, the negative binomial model was a better fit for the observations. On the other hand, the

ZIP model showed lower AIC for mother-calf pairs (Table 3). The variograms did not demonstrate any spatial auto-

correlation. As the ZIP models cannot generate semivariograms, we assumed that the autocorrelation was absent

once we did not observe it in the other mother-calf pair models.

3.3 | Binomial negative models for unaccompanied adults

We generated five models with binomial negative distributions. The five best-fitted models are described in Table 4.

The final model selected the following variables: latitude, coast distance, shore, and maximum SST.

The predicted unaccompanied whales count gently decreased at the lowest latitudes and as distances from the

coast increased (Figure 3). The mean of unaccompanied whales reached its peak at 19.5�C of SST and decreased as SST

increased beyond this value. In relation to shore type, it is evident that unaccompanied adults prefer offshore areas.

3.4 | ZIP models for mother-calf pairs

For mother-calf pairs, six ZIP models were generated. The five best-fitted models are described in Table 5. The final

model selected the following variables: latitude, coast distance, slope, coast linearity, and maximum SST.

Even though the response curve describes some of the oscillation, our results do not demonstrate latitudinal

preferences (Figure 4). There is a negative relationship for the number of mother-calf pairs of southern right whales

with coast distance, coast linearity, and maximum SST. For coast distance, the decrease in the number of mother-calf

pairs is marked as beyond 500 m from the coast. The fitted response to linearity describes a somewhat decreased

oscillation, whereby the curve of maximum SST also undergoes a slight decrease. The slope curve describes more

constant use.

TABLE 2 Southern right whales count
separated by class and year from 2003 to
2018 in RWEPA.

Year Unaccompanied adults Mother-calf pairs Total

2003 19 20 39

2004 5 17 22

2005 3 18 21

2006 37 34 71

2007 1 18 19

2008 6 25 31

2009 0 28 28

2010 20 26 46

2011 65 43 108

2012 6 38 44

2013 15 62 77

2015 0 26 26

2016 2 21 23

2017 0 14 14

2018 21 131 152

Total 200 521 721
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F IGURE 2 Map of the southern right whales' sights separated by class from 2003 to 2018 in RWEPA.

TABLE 3 Akaike information criterion
(AIC) of the full models for Poisson,
negative binomial, and ZIP full model to
explain the count of unaccompanied
adults and mother-calf pairs in RWEPA
from 2003 to 2018.

Family distribution AIC adults AIC mother

Poisson 1,221.87 1,869.75

Negative binomial 1,128.25a 1,803.57

Zero inflated Poisson 1,139.03 1,781.08a

aSelected model.
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4 | DISCUSSION

Although the models for the unaccompanied adults and mother-calf pairs feature some of the same variables

selected, our results support the spatial segregation hypothesis. Indeed, another study that uses land-based station

data, and the same explanatory variables also explain the occurrence of mother-calf pairs and unaccompanied whales

in RWEPA (Seyboth et al., 2015).

TABLE 4 Five best-fitted models with negative binomial family to explain a number of unaccompanied adults of
southern right whale in RWEPA from 2003 to 2018.

Model AIC ΔAIC Explained deviance

lat + dist_coast+shore+tsm_max 1,128.61 0 22.7%

lat + dist_coast+tsm_max 1,135.20 6.59 20.1%

lat + dist_coast+shore 1,136.28 7.67 20.1%

dist_coast+shore+tsm_max 1,151.79 23.18 16.8%

lat + dist_coast+shore 1,156.51 27.9 15.3%
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F IGURE 3 Response
curves of the final model
for unaccompanied
whales in RWEPA from
2003 to 2018.

TABLE 5 Five best-fitted ZIP models to explain the number of mother-calf pairs of southern right whales in
RWEPA from 2003 to 2018.

Model AIC ΔAIC Explained deviance

lat + dist_coast+slope + lin + tsm_max 1,777.76 0 22.7%

lat + dist_coast+slope + lin 1,780.67 2.91 64.7%

lat + dist_coast+lin + tsm_max 1,784.77 7.01 64.3%

dist_coast+slope + lin + tsm_max 1,796.71 18.95 62.6%

lat + dist_coast+slope + tsm_max 1,838.99 61.23 60.9%
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Latitude explains some segregation, mainly by unaccompanied adults. While the response curves showed that

mother-calf pairs occur along the entire study area, unaccompanied adults are more frequent in the southern areas.

The southern area is mainly occupied by unaccompanied adults (72%; Danilewicz et al., 2016). This may be a cue,

indicating that the southern boundaries of the RWEPA serve as a mixed-use area, with the occurrence of both clas-

ses, though the northern area is mainly occupied by mother-calf pairs. On the Uruguayan coast located further south,

92% of the sightings consist of unaccompanied adults of southern right whales (Costa et al., 2007), which further

supports our hypothesis.

Mother-calf pairs seem to remain closest to the coast, as described by the relationship fitted with the coast

distance variable. Indeed, 95.2% (494 records) of all mother-calf pairs occur within 1,000 m of the coast. Similar

results have been described in South Africa, Australia, and New Zealand (Burnnell, 2001; Charlton et al., 2019;

Elwen & Best, 2004a; Rayment et al., 2015). There are many potential advantages for mother-calf pairs in the use

of coastal areas, including protection for the calves against wave action, wind, and predation (Elwen &

Best, 2004b; Rayment et al., 2015). Choosing protected areas can be advantageous for calf development, as well

as for mothers that are saving energy during the breeding season while remaining in a fasting period

(Payne, 1986). The study area has a dissipative beach morphotype (Silveira et al., 2011). In general, dissipative

beaches have gentle slopes and consequently shallower depths the closer one gets to the coast. By remaining in

shallow waters, nursing females may avoid the males' mating attempts, preventing calf harassment (Elwen &

Best 2004a; Craig et al., 2014).
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F IGURE 4 Response curves of the final model for mother-calf pairs of southern right whales in RWEPA from
2003 to 2018.
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Depths between 5 and 10 m are often used by southern right whales in Brazil, Australia, Argentina, and

New Zealand (Payne, 1986; Charlton et al., 2019; Rayment et al., 2015; Renault-Braga, 2014). For North Atlantic

right whales (Eubalaena glacialis) occurrence is higher between 10 and 20 m of depth (Keller et al., 2012). Once we

had a collinear relationship between bathymetry and coast distance (Table 1), we can assume that the whales staying

closest to the coast are consequently occupying areas with shallower depths.

The preference for shallow waters in Argentina is suggested to be driven by predation by killer whales, Orcinus

orca (Payne, 1986, Sironi et al., 2008). Despite anecdotal records of killer whales along the Brazilian coast (Secchi &

Vaske, 1998), the species appears to be extremely rare along the RWEPA (Instituto Australis, unpublished data).

However, the connection between populations of southern right whales in Brazil and Argentina (Groch et al., 2005;

Ott, 2002; Rowntree et al., 2001) and preference for shallower waters in Brazil may be the result of an evolutionary

process that reflects the strategy used by whales in Argentina to avoid predation by killer whales. For north Atlantic

right whales, there is no information on predation by killer whales in their breeding ground (Keller et al., 2012); thus,

this may explain why whales explore deeper waters. Also, shallow waters may help females avoid males trying to

copulate with them. However, our results suggest latitudinal segregation between breeding and calving whales in

Brazilian coast. Thus, the preference of shallow waters appears to be more related to protection against wave and

wind action, and energy-saving by calves.

Variables not selected, for the final model of unaccompanied whales, such as linearity and slope, may have

occurred because whales usually are at a more distant location from the coast. The shore type is significant, but the

occurrence for this class is higher in the offshore category.

As such, for mother-calf pairs, the coast seems to have a higher influence for delimitating their distribution. The

preference for coastlines with several bays, that is areas with higher linearity, could be related to protection against

the actions of waves and wind (Elwen & Best, 2004a). Our results support the hypothesis that mother-calf pairs pre-

fer a coast formed by several bays. However, bay angle has already been described as an important factor for

describing the whales' presence (Seyboth et al., 2015), and bay protection could be due to the interaction between

coast linearity and bay angle.

Historically, southern right whales occur from the south of Bahia State to Rio Grande do Sul State (Ellis, 1969).

This entire area represents approximately 20� of latitudinal gradient, and consequently it is characterized by a wide

SST range. This latitudinal range suggests that southern right whales can bear large SST variations in their breeding

ground. For unaccompanied adults, the drop in the smoothed function at a higher SST may be interpreted as an

effect of latitude. In southern areas, the presence of unaccompanied adults is more common. Thus, areas with lower

SSTs may have higher occurrence of unaccompanied whales due the relationship between SST and latitude.

These results support our hypothesis that there is a certain degree of spatial segregation among unaccompanied

whales and mother-calf pairs for southern right whales at the coastal breeding grounds of southern Brazil. Our study

was conducted along a federal management unit that was created to protect the southern right whale along the

major breeding ground of the species in Brazilian coast. The results support the existence of a coast distance segre-

gation, where mothers remain near the coast, as well as the existence of latitudinal segregation between unaccompa-

nied whales. It is important to understand how the southern right whales occupy these breeding grounds to define

management strategies for conservation of the species. Our results indicate potential mating and calving grounds

along the Brazilian coats. These areas may require different management strategies. Southern areas of the manage-

ment unit (latitudes south from 28.4�S) appear to be important areas for unaccompanied whales while the entire area

appears to have potential to be used by mother-calf pairs. Long-term studies are recommended to understand how a

species will respond to conservation strategies in the future. The recolonization of former places of right whales has

been observed in Argentina (Arias et al., 2018). In Brazil some changes in distribution patterns have also been

observed on a minor scale (Renault-Braga et al., 2018). Our results are important for the development of the south-

ern Brazilian coast, considering that the presence of whales along the coast is a tourist attraction, requiring strategies

for sustainable tourism.
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