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Abstract.—Blubber progesterone levels were measured in biopsy samples and used to
predict the pregnancy status of 507 female common dolphins (204 long-beaked
common dolphins, Delphinus capensis, and 303 short-beaked common dolphins, D.
delphis). Samples were collected in the coastal waters of the eastern North Pacific
between central California, USA and the southern end of Baja California, Mexico.
The percentage of females pregnant was similar between the two species: 22.1% (n =
45) of D. capensis and 28.1% (n = 85) of D. delphis. For both species we found strong
geographic patterns in pregnancy, suggesting that some areas were more conducive
for pregnant females. A sizable drop in percent pregnant from early (38.8%, n = 133)
to late (25.3%, n = 91) autumn was found in D. delphis but not in D. capensis. The
potential for sample selectivity was examined via biopsies collected either from a
large research ship or from a small, rigid-hull inflatable boat (RHIB) launched from
the larger ship. An analysis of “Tandem Biopsy Sampling”, replicate biopsy effort
on the same schools from each vessel/platform, yielded little evidence that
disproportionately more pregnant female common dolphins were biopsied from
one platform versus the other. This result plus an analysis of pregnancy status
relative to the duration of biopsy operations failed to uncover strong evidence of
unaccounted sampling bias with respect to pregnancy state. In total, these results
demonstrate the utility of blubber progesterone concentrations to assess pregnancy
status in free-ranging cetaceans and they highlight potential factors associated with
population-level variation in dolphin pregnancy rates.

Introduction

In this study, we use hormone measurements collected from biopsy samples to evaluate
pregnancy patterns in the two species of common dolphins in the eastern North Pacific.
The overarching goals of this study are two-fold. The first is to investigate how pregnancy
of these common dolphins varies with respect to species, season, geographic location, and
schooling behavior. The second goal is to evaluate the potential sample selectivity of
biopsies relative to pregnancy state. Because this is one of the first times that biopsies
have been used to assess pregnancy parameters at a population level, it is important to
assess whether data from these samples are suitable for such an analysis.

* Corresponding author: nick.kellar@noaa.gov
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Common Dolphins and Reproduction

The short-beaked common dolphin, Delphinus delphis, and the long-beaked common
dolphin, D. capensis' are remarkably similar in many aspects of their appearance,
behavior, and biology (Heyning and Perrin 1994). While D. capensis is typically found
within 185km (100nmi) of the coast from Central California south to the Gulf of
California (Carretta et al. 2011, Gerrodette and Eguchi 2011), D. delphis has a much
larger range and inhabits waters well west of the US exclusive economic zone (within
200nmi of the coast), north to Oregon and Washington and south to the southern tip of
Baja California, Mexico. The distributions of the two species overlap within our study
area, and on rare occasions, schools of the two species have been found immediately
adjacent to one another (Heyning and Perrin 1994).

Due to its great abundance (arguably the most abundant cetacean in the world) and
frequent entanglement in various fisheries worldwide, many more reproductive data have
been collected from D. delphis than from D. capensis. D. delphis-specific reproductive
parameters have been derived mainly from animals killed as bycatch in commercial
fisheries in several regions of the Pacific and Atlantic oceans (Ferrero and Walker 1994,
Danil and Chivers 2007, Westgate and Read 2007, Murphy et al. 2009). The percent of
sexually mature females that are found pregnant within these data sets varies between the
different areas, with perhaps greater rates in the tropical regions of their distribution. The
percent pregnant ranges from a low of 25.0% (Nyature females=38) (Ferrero and Walker
1994) in the central North Pacific, 26% (Nmature females =248) (Murphy et al. 2009) and
33% (Nmature females =39) (Westgate and Read 2007) in the eastern and western North
Atlantic, respectively, to a high of 44.4% (Nnature femates =333) In the eastern tropical
Pacific (Danil and Chivers 2007). Spatiotemporal variation in the occurrence of
pregnancies has not been highlighted in published studies, although Murphy et al.
(2009) reported that within the eastern North Atlantic region, the UK/French oceanic
area had substantially higher percentage of sexually mature females pregnant: 28%
(Nmature females = 191) than in either the Irish Sea: 20% (Nmature females = 23) or Iberian Sea:
19% (nmature females = 32)'

There is much less reproductive information regarding the other Delphinus species, D.
capensis. Due to its lower worldwide abundance (Perrin 2009, Carretta et al. 2011) and
only recent recognition as a separate species in the mid-1990s (Heyning and Perrin 1994,
Rosel er al. 1994), no population-level pregnancy estimates have been made for this
species. However, during the field effort that generated the biopsies used in the analysis
for this paper, aerial images were taken and a subsequent paper estimating calving rate
has been produced for D. capensis and D. delphis (Chivers et al. 2012). The percent calves
out of all animals photographed (including males and females) were 4.5% and 6.7% for
D. capensis and D. delphis respectively, translating into approximately 18.8% and 26.8%
percent pregnant respectively, given several demographic assumptions.?

Projectile Biopsies and Sample Selectivity
Projectile biopsies are increasingly used to address life-history questions (Mansour

et al. 2002, Kellar et al. 2006, Kellar et al. 2009, Perez et al. 2011, Trego et al. 2013)
including those regarding pregnancy. When interpreting results of biopsy-based

' D. capensis and D. delphis references in this paper are intended to be synonymous with the subspecies,
D. c. capensis and D. d. delphis, respectively (Perrin 2011a, 2011b).
2 This assumes a 1) 50:50 sex ratio, 2) 50:50 mature to immature ratio and 3) no fetal/neonatal mortality.
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life-history studies in the context of population parameters, it is important to know how
representative the samples are of the populations from which they are collected. Non-
random sampling can lead to spurious results when conclusions from sample sets are
generalized to the overall populations. Evaluating potential factors that may influence
whether biopsy-obtained data represent a random sample of the population will facilitate
correcting for sampling biases when estimating demographic parameters and in designing
future experiments to estimate parameters.

In this study, we examine, for the first time, the likelihood of being pregnant with
respect to various factors, such as vessel type, biopsy collection order, geographic
location, school size, and sampling date. Some of these factors are associated with the
biopsy process, which helps us assess the potential for sample selectivity, while others are
aimed at cxamining spatiotemporal variation in pregnancy rates among species.

Materials and Methods
Biopsy Collection

We collected 507 biopsy samples from female common dolphins off Central and
Southern California, USA and Baja California, Mexico in 2009 (Chivers et al. 2010)
during a three-month research cruise (Leg 1: Sept. 7"-Oct. 2™ [early autumn], Leg 2:
Oct. 8"-Nov. 6" [mid autumn], and Leg 3: Nov. 12t"Dec. 9" [late autumn]), using 150 b
Barnett Wildcat crossbows (Barnett Outdoors, LLC, Tarpon Springs, FL, USA)
Excalibur Apex-Lite crossbows (Excalibur Crossbow, Kitchener, ON, Canada) with
carbon fiber darts (Ceta-Dart, Hovedstaden, Denmark) fitted with multi-barbed
stainless-steel biopsy tips. Samples included an approximately 7-mm diameter skin plug
attached to an approximately 20-mm long plug of blubber. Mean mass of blubber
attached to these biopsies was 0.091g (SE = 0.003g). All samples were frozen in a —80°C
freezer after collection.

Most biopsies (n = 376) were collected from dolphins riding the bow of the NOAA
Ship McArthur 11, a modified 224ft T-AGOS class surveillance vessel. Targeted dolphins
rode the bow between 0 and 6 meters away from the ship, most directly under the
positions where biopsy collectors were stationed approximately 10 meters above the
waterline. The remaining samples (n = 131) were collected from a 6-meter Zodiac rigid-
hull inflatable boat (RHIB) launched from the NOAA Ship McArthur II. Irrespective of
platform, biopsy collectors were not permitted to target suspected mother/calf pairs
(identified by size characteristics and observing one individual swimming in calf or
echelon position with respect to another).

There were two categories of biopsy sampling. The first was the standard method
used by Southwest Fisheries Science Center research cruises over the last 20 years, in
which 1-15 biopsies were gathered per school, mostly from the ship but a few also from
the RHIB. These samples represented more than half of all biopsies collected for this
study. The second category of sampling was dubbed “Tandem Biopsy Sampling”.
During this effort, in order to minimize the effects of demographic differences inherent
to schools, we collected a subset of biopsies (n = 207), from both platforms (RHIB =
111, Ship = 96) from single schools. Samples were obtained systematically, with the goal
of obtaining 15 samples per platform per school. For such schools (n = 18), the
sampling was done sequentially, such that approximately 15 biopsies (from both males
and females; only the females were used in this study) each were obtained first from one
platform and then the other, with a break in sampling on the order of 15 minutes to one
hour. We alternated between starting the sampling effort on a given school from the
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ship and from the smaller RHIB. Due to logistical constraints, perfect alternation was
not possible, but in the aggregate, we obtained similar-sized sample sets for each
platform (n = 10 and 8 schools sampled from the RHIB first and ship first,
respectively).

The intent in comparing the number of pregnant female dolphins sampled from the
two platforms was to assess the potential sample selectivity biases of biopsy collection.
Because of the limited mobility of larger research ships, the composition of samples is
highly dependent on the behavior of individual animals approaching the ship and
making themselves available for biopsy (i.c., bowriding). However, when sampling from
the smaller and more maneuverable RHIB, biopsy collectors are less dependent on
bowriding animals. Smaller boats can better maneuver through schools and biopsy
collectors can target a greater range of animals, not limited to only bowriding
individuals (in fact the majority of animals that bowride small boats are too close for
biopsy with the crossbows we have used). From this perspective, if demographically
linked bowriding behavior was contributing to a bias in percent pregnancy, we would
expect that biopsies collected from a small boat to be more representative of the
sampled population.

Molecular Sex Determination

DNA was extracted using the Corbett Robotics DNA Extractor (Qiagen, Valencia,
CA, USA) and in some instances manually with the NaCl-‘salting out” method. Sexes
were determined using the Stratagene MX3000P qPCR (Agilent Technologies, Santa
Clara, CA, USA) following the protocol established by Morin et al. (2005). Positive
control tissue from one known male and one female, determined by genital inspection of
reference specimens from a stranding or fishery-bycatch, was included on each assay to
assess reaction quality.

Blubber Progesterone Isolation

The blubber hormone extractions followed the methods delineated in Kellar et al.
(2006) with several modifications to simplify the procedure and increase consistency.
Approximately 0.05g—0.15g of blubber was homogenized in 1000ul. of 100% ethanol
using a Fast Prep 24 homogenizer (MP Biomedicals, Santa Ana, CA, USA) and lysing
matrix “A” tubes (MP Biomedicals, Santa Ana, CA, USA). The samples were processed
seven to nine times at a speed of 5 m/s for 45-second intervals depending on sample
consistency. The contents of each lysing matrix tube were poured into a glass tube and the
lysing matrix tube was rinsed with 500uL of ethanol. The homogenate:ethanol solution
was then separated from the grinding media and placed into a new glass tube. The lysing
matrix tubes and grinding media were rinsed again with another 500ul of ethanol and
combined with the homogenate. The homogenate/rinse solution combination was
combined with 2 ml of 4:1 ethanol acetone. The resulting solution was vortexed and
then centrifuged at 4000 rpm for 15 min. The supernatant was transferred and
evaporated. Two milliliters of diethyl ether were added, vortexed and centrifuged again.
The supernatant was collected and evaporated, and the residue was resuspended in
1000 uL of acetonitrile, vortexed, and 1000 uL of hexane added to the mixture. After the
solution was vortexed and centrifuged again, the acetonitrile layer was aspirated into a
new tube and the process was repeated with another 1000 pL of hexane. The final portion
of acetonitrile was collected and evaporated. The remaining residue was centrifuged at
4000 rpm for five minutes and stored at —20°C.
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Progesterone Enzyme Immunoassay

To prepare the samples for the enzyme immunoassay (EIA), they were suspended in
varying amounts (250 or 1,000 pL) of 1M phosphate buffered saline. In order to make
measurements in accurate detection range on the EIA, samples were resuspended in
250 uL of PBS then vortexed in the multitube vortex for 15 min. We used an EIA kit 900-
011 (Enzo Life Sciences, Plymouth Meeting, PA, USA) that has 100% reactivity with
progesterone and 5a-Pregnane-3,20-dione in each sample. The assay detection limits were
between 15 and 500 pg/mL. Therefore, samples that exceeded this range had to be diluted
further to be accurately measured. These samples were diluted at 1:100, 1:20, 1:5, 1:3, and
1:2 depending on their original EIA measurements such that the final measurements
would fall within the range of the control samples. The intra-assay coefficient of variation
(CV) was between 4.9% and 7.6% and an inter-assay CV between 2.7% and 6.8%. Each
sample was individually vortexed prior to quantifying progesterone concentration.

We determined the extraction efficiency using spiked samples as described in Kellar et
al. (2006). The extraction control samples were spiked with 0 ng, 10 ng, and 30 ng of cold
(i.e., non-radioactive) progesterone. The percentage of progesterone that was recovered
after each extraction set (i.e., group of samples processed at the same time) was calculated
and each assay value was adjusted to the standard prior to analysis. The mean extraction
efficiency was 89.3% (SE = 4.8%). Once corrected for extraction efficiency, it was
assumed that progesterone concentrations greater than 50 ng per gram of tissue were
from pregnant females (Kellar et al. 2006).

“Percent pregnant” as reported here should be understood as the percent that were
pregnant out of all females sampled (both mature and immature). Because maturity state
was not identifiable from the ficld observations or biopsy sample, this is a different metric
than usually reported from carcass data, which is the percent pregnant out of only the
sexually mature females sampled.

Statistical Analysis

We assessed a suite of factors associated with the biopsy sampling process as potential
correlates with percent pregnant. They included species (D. delphis, D. capensis), latitude,
longitude, platform (i.e., vessel: research ship or RHIB), school size and duration of
biopsy activity/perturbation®. Platform and biopsy duration® are the two factors directly
related to the biopsy process, whereas latitude, longitude, and school size were not. Julian
date (more specifically the month of collection) was a factor also examined, but given its
strong relationship with location during the survey, we conducted its analysis separately
with a different methodology; see below.

Each of these factors’ predictive ability was assessed as part of a Bayesian model-
averaging procedure using a method in which the model estimation process selects the
factors to include and which to exclude for each iteration of a Markov chain Monte Carlo
run (Carlin and Chib 1995). In this analysis, sets of nested logistic generalized linear

3 All independent variables were normalized to have a mean of zero and a variance of one to minimize
the effects of differences in absolute values on the model results.

* Duration of biopsy activity/perturbation was measured by rank order of a biopsy in a series of samples
for a particular sampling bouts (e.g., the fifth biopsy taken from a particular school would receive a rank
of 5). Rank order may not be exactly comparable between biopsying bouts; the amount of time of each
bout varies, so that for example, the 5" sample in one bout may have been taken much earlier relative to
when the animals had begun bowriding than the 5th sample in another bout.
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Table 1. Bayes factor (B)) interpretation. These are descriptive statements about standards of evidence in
scientific investigation as proposed by Kass and Raftery (1995). Example: for a simple linear regression if
zero lies just beyond either end of the 90% probability interval of the posterior distribution of the slope
coefficient, the corresponding Bayes Factor would be nearly 20, “strong” evidence.

Bayes Factor (B,) Evidence against H,
1to3 Not worth a mention
3to 20 Positive
20 to 150 Strong
> 150 Very strong

models were constructed in WinBUGS (Lunn et al. 2000) with each factor multiplied by a
Bernoulli selection parameter in the form:

logit (ppregnant(i)) =d+Yy * bl (xi,lat) +Yiong * blong (xi,lung)
+Vp1a[ﬁ)rm * Dplatform (xi,platfnrm) + Vs_size * bs_si:e(xi,s_vi:e) (])
+Wu_arder * bh-ar(/cr(xi.h_urdyr)

where ppregnant(i) 18 the probability that individual 7 is female, b is the marginal slope
coefficient for each factor, and y; was the selection parameter for each factor () with a
probability equal to the mean of y;. 300,000 iterations were used for the model runs,
starting from three sets of initial points, with a burn-in period of 1,000 iterations. Every
third iteration thereafter was incorporated into the parameter estimates, yielding a
posterior distribution from 100,000 iterations. Vague priors were set for all marginal
slope and intercept coefficients from normal distributions, each with mean = 0 and
variance = 1000 (note: these prior distributions where variance > 1000 had poor
convergence). The prior on each selection parameter y; was set to be p = 0.5. The weight
(an indication of importance) that each factor had on the estimate of the sampled
animal’s pregnancy state was equal to y and directly proportional to the number of
iterations in which that factor was selected in the MCMC chain. Marginal posterior
probabilities of the selection parameters with median values greater than p = 0.5 were
those in which the weight of evidence supported their inclusion in the model.

For the “Tandem Biopsy Sampling” experiment, the difference in the proportion
pregnant between platforms for each school was estimated using a Bayesian model,
similar to a frequentist paired t-test (Manly 1991). By estimating the difference for each
school, the analyses would not be influenced by inter-school demographic variability
(e.g., nursery schools - schools disproportionately composed of mothers with calves).
Difference in proportion pregnant estimations (not paired) were also used to analyze the
effects of Julian date or season and to compare the proportion pregnant in three different
geographic areas: north of Pt. Conception (Central California), Pt. Conception to US/
Mexico border (Southern California), south of border (Baja California, Mexico).

The Bayesian results are reported as both Bayesian posterior probabilities and Bayes
factors (Bjg). We have included a table (Table 1) with description statements for
interpretation of Bayes factors adapted from Kass and Raferty (1995).

Finally, spatial analyses were conducted to examine geographical variation in
pregnancy. Interpolated surfaces of proportion pregnant were mapped using inverse

SA logit link function was used, as the pregnancy data were coded as 0/1, corresponding to the
probability that a sample was pregnant: 0 = not pregnant, 1 = pregnant.






















































