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the highest proportion pregnant in the mouth of the Gulf 
of California, an area with relatively low reported fishery 
activity.

Introduction

In harvesting yellowfin tuna (Thunnus albacares), ETP 
purse-seine fishing vessels have exploited the common 
association between tuna and dolphins, as schools of dol-
phins are chased, herded, and encircled in order to catch 
the tuna swimming underneath (Perrin 1969). From the 
1950s to the early 1990s, this practice generated high dol-
phin mortality and a substantial decline in abundance, espe-
cially in the northeastern stock (NE) of offshore pantropi-
cal spotted dolphins (Stenella attenuata) (Smith 1983; 
DeMaster et al. 1992; Dizon et al. 1994; Wade 1994), and 
consequently led to their listing as “highly depleted” under 
the Marine Mammal Protection Act. Although changes in 
seining methods in the early 1990s drastically reduced 
direct fishery mortality (Joseph 1994; Gosliner 1999), this 
stock has shown indications of a weak, slow, or delayed 
recovery (Wade et al. 2002; Gerrodette and Forcada 2005; 
Wade et al. 2007). One explanation for the slow recovery1 
is that even though reported fishery mortality has dropped 
off precipitously, the continued chase and encirclement of 
these dolphins has unobserved detrimental effects on their 
health via chronic perturbation, including reducing repro-
duction (Archer et al. 2004b).

1  Other plausible explanations are summarized in Gerrodette and 
Forcada (2005) and include indirect reduction of dolphin survival, 
underreporting of dolphin by catch, and fundamental shifts in habitat 
conditions.

Abstract  The northeastern offshore population of the 
pantropical spotted dolphin (Stenella attenuata) in the east-
ern tropical Pacific remains listed as depleted under the 
Marine Mammal Protection Act, and recent estimates of 
abundance show that recovery has been slow. One hypoth-
esis for the slow recovery is that continued chase and encir-
clement by the tuna fishery negatively affects reproduction. 
Insufficient life-history sampling in this region over the last 
two decades makes traditional estimates of reproductive 
rates impossible. Here, we examine the current reproduc-
tive patterns of these dolphins by measuring blubber pro-
gesterone (BP) concentrations in biopsy samples to assess 
pregnancy state. BP was quantified in 212 biopsies from 
female offshore spotted dolphins sampled between 1998 
and 2003 in the northeastern tropical Pacific, and we found 
that 11.5 % of the biopsied females (mature and immature) 
were pregnant. The relationship between pregnancy and 
fishery exposure was analyzed, and we found that pregnant 
females were exposed to significantly less fishery activ-
ity than non-pregnant ones (p  =  0.022), suggesting that 
the fishery may have an inhibitive effect on pregnancy. 
Spatial analysis indicated that pregnancy was more aggre-
gated than random (p < 0.05) at a scale up to 180-nmi, with 
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Historically, concern regarding their depleted status had 
prompted numerous studies into the biology of these ani-
mals, often focusing on reproductive rates (many reviewed 
by Perrin and Hohn (1995)). Early studies employed 
observers to collect biological samples, including the 
reproductive tracts of incidentally killed dolphins (Perrin 
et  al. 1976, 1977; Hohn et  al. 1985; Myrick et  al. 1986). 
The tracts were examined for fetal presence and other indi-
cators of pregnancy, and the resulting data were used to 
estimate reproductive rates for the entire population (Perrin 
et al. 1977; Myrick et al. 1986; Chivers and Myrick 1993; 
Chivers and Demaster 1994). Thousands of samples were 
collected in this way from NE offshore spotted dolphins, 
creating one of the largest collections of reproductive data 
for any cetacean population ever studied and providing the 
overwhelming majority of the life-history information we 
have for these dolphins today (Myrick et  al. 1986). How-
ever, since 1993, with the decline in dolphin mortality and 
the cessation of the systematic collection of specimens, too 
few reproductive tracts have been collected to accurately 
estimate pregnancy rates using fishery-killed dolphins. In 
addition, there are concerns about age selectivity of the kill, 
as neonates and post-weaned juvenile animals are under-
represented (Barlow and Hohn 1984; Archer and Chivers 
2002). This sample selectivity has substantial effects on 
different measured reproduction parameters, including the 
proportion of mature dolphins sampled, which in turn influ-
ences estimates of reproductive output for these popula-
tions (Barlow 1985).

Recent studies into the relationship between preg-
nancy status and BP content provide an approach that, 
with sufficient sampling, could help re-assess pregnancy 
rates of these dolphins (Mansour et al. 2002; Kellar et al. 
2006; Trego et  al. 2013). The results from these studies 
document large non-overlapping differences in BP con-
centration between known pregnant and non-pregnant 
(mature and immature) female cetaceans including the 
pantropical spotted dolphin (Trego et al. 2013) and show 
that compared to the differences between pregnant and 
non-pregnant dolphins, BP is relatively homogeneous 
throughout an individual’s blubber layer (Kellar et  al. 
2006). In addition, information has been gleaned about 
the dynamics of BP (Kellar et  al. 2006) indicating that 
delphinid BP levels lag behind those in the blood by less 
than 14  days; though not a precise, this estimate does 
help bound the maximum lag-in-timing of the hormone 
concentrations in the blubber. When coupled with projec-
tile biopsying, in which hundreds of blubber samples can 
be collected during a routine abundance cruise, BP can 
be used as a pregnancy diagnostic appropriate for popula-
tion-level estimates.

In this study, BP levels in the blubber collected with 
biopsy samples of NE pantropical spotted dolphins were 

quantified and pregnancy status was determined. We com-
pared the proportion of pregnant females in our sample 
to those made from the incidental fishery-kill samples in 
efforts to provide context to the current observed values. 
We also examined geographic variation in reproduction and 
correlations between pregnancy status and indices of fish-
ery exposure with the intention to assess whether there is 
evidence of an effect of the purse-seine fishery on spotted 
dolphin reproduction.

Methods

Data sources for pregnancy assessment

Historic fishery‑kill samples

The historical data on incidental fishery-kills for this study 
were collected by scientific observers from the National 
Marine Fisheries Service and the Inter-American Tropical 
Tuna Commission between 1974 and 1993. The reproduc-
tive tracts of dolphins killed during tuna purse-seine trips 
(n  =  1,146) were examined for the presence of a fetus, 
and both ovaries were collected for subsequent examina-
tion and characterization of associated corpora. For each 
specimen, the time and location of collection were noted 
along with additional biological data including total speci-
men length and developmental coloration phase. As with 
all sample sets covered in this study, we estimated the 
proportion pregnant as the fraction of all females sampled 
that were pregnant, regardless of maturity state. In most 
cetacean literature, “pregnancy rate” is based on the frac-
tion of pregnant females of all sexually mature females. We 
use the term “proportion pregnant” here to distinguish our 
index from that parameter. The reason for this difference is 
that we could not determine the state of sexual maturity for 
biopsied dolphins. We did not biopsy obvious small calves 
or large animals accompanied by small calves, but we did 
target all other animals, which accordingly included juve-
niles not associated with a large female.

Biopsy samples

Two types of skin biopsy samples were used in this study. 
The first type was obtained via crossbow (projectile) dart-
ing with a 6-mm-diameter stainless steel collection tip sim-
ilar to that described in Palsbøll et al. (1991). These biop-
sies had varying amounts of blubber, ranging from zero 
to 213  mg, with an average of 98.0  mg. They were most 
commonly obtained from the posterior flank and tailstock 
regions posterior to the dorsal fin, because they were col-
lected from bowriding dolphins. The geographic sampling 
area was large, bounded by the Central American mainland, 
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111°W, 5 and 25°N (Fig.  1). The samples were collected 
during four research cruises from 1998 to 2003 (n = 417). 
This represents about a third of the range of NE pantropical 
spotted dolphins in the ETP.

The second type of biopsy was a by-product of attach-
ing plastic identification tags (Roto-tags, Dalton Supplies, 
Nettlebed, England) to encircled dolphins as part of a 2001 
study (Chase Encirclement Stress Studies or CHESS) 
tracking movement patterns and investigating the effects 
of chase and encirclement (Scott et al. 1990; Forney et al. 
2002; Scott and Chivers 2009). With the application of a 
tag to the tailing edge of the dorsal fin, a small skin core 
(3–4 mm in diameter and 2–3 cm in length) was produced 
(Scott et  al. 1990; Scott and Chivers 2009). The blubber 
from these cores ranged in mass from 0.052 to 0.188 mg 
(n =  215). The geographic area covered during the 2001 
study was much smaller than our projectile biopsy sam-
pling area, and it was centered around 12°N and 97°W 
(Fig. 1).

Reference samples

We also obtained nine blubber samples from NE pan-
tropical spotted dolphins collected during the 1999–2001 
International Dolphin Conservation Program Act necropsy  
program (Reilly et  al. 2005). For these specimens, blub-
ber was collected from the mid-thoracic region (ventral to 
the dorsal fin) along with observations about fetal presence 
within the reproductive tract. The blubber samples were 
trimmed into 100 mg full-thickness pieces (similar in size 
to a typical biopsy) and then processed and measured iden-
tically to all other samples.

Sample processing

Hormone extraction

A FastPrep automated homogenization instrument (Q-Bio-
gene Inc., Irvine, CA) was used to pulverize blubber 
samples in 1,000 μl of 100  % ethanol following a previ-
ously described procedure (Kellar et  al. 2006). Unlike in 
Kellar et  al. (2006), after complete homogenization the 
entire contents of the homogenization tubes were poured 
(instead of aspirating only 500 μl for further processing) 
into 12  ×  100  mm disposable glass tubes. The homog-
enization tubes were washed with an additional 500  μl 
of ethanol. The wash was then collected and added to the 
12 ×  100 mm collection tubes. A mixture of ethanol and 
acetone was added to this solution such that the final vol-
ume was 4  ml at 4:1. The rest of the hormone extraction 
procedures were identical to those described in Kellar 
et al. (2006). The final residue was stored at −20 °C until 
quantified.

Hormone quantification

A commercially available enzyme immunoassay (ADI-
900-011, Enzo Life Sciences, Farmingdale, NY) was used 
to measure the progesterone in each extraction following a 
previously described protocol for blubber samples (Kellar 
et  al. 2006). The coefficient of variation (CV) at approxi-
mately the 50 % binding concentration for inter-assay and 
intra-assay comparisons was 3.2 (n = 24) and 4.2 (n = 24), 
respectively. The manufacturer’s list cross reactivities 
include 5α-pregnane-3,20-dione (100  %), 17-OH-proges-
terone (3.46 %), and 5-pregnen-3β-o1-20-one (1.43 %). The 
rest, corticosterone, 4-androstene-3,17-dione, deoxycorti-
costerone, DHEA, 17-β estradiol, estrone, estriol, testoster-
one, and hydrocortisone, were all listed at values less than 
1 %. We also empirically tested pregnenlone, a precursor to 
many of the hormones listed above, and one known to cause 
high non-targeted binding in other EIA assays (Hecker et al. 
2006); we measured 0.16 % cross reactivity in progesterone 
EIA readings with straight addition of pregnenlone.

Six blubber samples of a single known non-pregnant 
spotted dolphin female (i.e., known from examinations of 
reproductive tracts) were spiked with known quantities of 
cold progesterone (0.0–45.0 ng) to estimate extraction effi-
ciency for each group of extractions (groups ranged from 
16 to 30 samples including these controls). The controls 
were extracted and quantified identically to the rest of the 
samples. Efficiency was calculated as the amount of meas-
ured progesterone minus the amount determined in the 
non-spiked sample, all divided by the amount of progester-
one added (spiked) to the sample prior to extraction. The 
average efficiency at detection was 82.7 % (SE = 7.8 %).

Fig. 1   Geographic distribution of the female pantropical spotted dol-
phin blubber samples acquired from projectile biopsying (dark cir‑
cles) and roto-tagging (light circles) that were analyzed to determine 
pregnancy state using blubber progesterone concentration
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Sex determination

A standard PCR assay (Berube and Palsboll 1996) was 
used to determine the sex of the biopsied animals. For 35 
of the tagged animals, we had additional data from field 
determinations of gender (gross examination of external 
morphology). This information was kept blind until after 
molecular assaying was complete and therefore provided a 
check of assay accuracy.

Data analysis

General

All statistical analyses were performed using Matlab 7.0 
(The Mathworks Inc., Natick, MA). Chi-squared con-
tingency analyses were used to test the significance of 
comparisons of proportion pregnant. The estimates from 
biopsies were compared with those from the 1973–1992 
fishery-kill. In addition, the biopsy sampling area was strat-
ified into three equal regions according to the gaps in the 
biopsy sample distribution, and for each region, the preced-
ing comparisons were re-analyzed.

Statistical significance of spatial variation in proportion 
pregnant as determined from the biopsies was analyzed 
using permutation tests of Ripley’s K (Ripley 1977; Besag 
and Clifford 1989). The K statistic was calculated for the 
observed samples and then each sample set was rand-
omized with respect to pregnancy state while keeping the 
proportion pregnant the same as the observed. The result-
ing permutation tests were repeated for re-constructed data-
sets in a series of distances (0–1500 nmi); 5,000 replicates 
were used for each test. The significance of the spatial vari-
ation in proportion pregnant was tested against what would 
be expected at random given the sampling locations.

Fishery effort

A weighted relative index of fishing exposure (Archer 
et al. 2010) was estimated for each biopsied female using 
Inter-American Tropical Tuna Commission (IATTC) data 
indicating the time, date, and location of dolphin sets (i.e., 
purse-seine operations in which offshore pantropical spot-
ted dolphins were encircled to capture tuna) in the days 
and months prior to the sampling event in which the biopsy 
was obtained. The index generally gives greater weight to 
sets the closer in time and space they were to the sampling 
event. The weighting system is based on a species-specific 
movement model (Archer et  al. 2010) that incorporates 
tag-recapture data at different temporal and spatial scales. 
There was one minor difference in the effort calculation 
used in this study and the one presented in Archer et  al. 
(2010). Though only sets in which spotted dolphins were 

observed were used in these calculations, we did not have 
information about the number of spotted dolphins in each 
set, and therefore, this weighting cofactor was not incorpo-
rated into the final index values. Consequently, the values 
used in this study are not directly comparable to the expo-
sure values described by Archer et al. (2010).

Two indices were calculated for every biopsy, each 
reflecting a different temporal/spatial window or ambit (the 
duration prior to the sampling event in which weighted sets 
were added together). We used 140- and 180-day ambits 
in attempts to include a large enough duration to be physi-
ologically meaningful (i.e., a duration in which we expect 
to be able to quantify any change in proportion pregnant 
within the population; here approximately equal to half 
the time of gestation) without making the duration so large 
that the power to differentiate individual fishery exposure 
estimates was unduly compromised. The estimated fishery 
exposure levels were then compared in pregnant and non-
pregnant biopsied females using a difference-of-means 
permutation test (Manly 1991) (Δμmean), in which the 
observed difference in mean exposure between pregnant 
and non-pregnant animals is compared to the distribution 
of difference-of-mean exposure in iterations (n  =  5000) 
of permuted datasets. This statistical method is compara-
ble to Student’s t test but does not require that parametric 
assumptions are met; an appropriate approach given that 
the observed distributions of the fishery exposure indices 
for our sample set were decidedly multimodal.

Spatial mapping

All maps were created using ArcMap 9.1 (ESRI, Redlands, 
CA). The ordinary Kriging prediction maps were created as 
approximate illustrations of the spatial patterns in propor-
tion pregnant and the associated fishery index estimations. 
All default values were used in the parameter and model 
selection with the exception that the number of neighboring 
points which were used for interpolation was raised from 5 
to 30 in an effort to capture broad regional patterns instead 
of local, likely ephemeral, heterogeneities.

Results

Pregnancy rate assessment

BP concentration was measured in nine reference female 
pantropical spotted dolphins of known pregnancy state (5 
immature, 2 non-pregnant mature, and 2 pregnant). Con-
centrations in the pregnant animals (398.7 ± 128 SE) were 
on average 63 and 79 times greater than those in non-preg-
nant mature (5.84 ±  0.36 SE) and immature (8.29 ±  4.0 
SE) females, respectively (Table  1). No overlap in BP 
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concentrations was observed between pregnancy states, 
irrespective of state of sexual maturity. The highest BP 
measurement of a non-pregnant dolphin was 12.1  ng/g 
and the lowest measurement for a pregnant dolphin was 
269 ng/g.

Of the 632 biopsy samples collected in our study area 
between 1999 and 2003, 320 were identified as females 
using the Fain and LaMay (1995) sexing assay; of these, 
208 samples (125 projectile biopsy; 83 tagging biopsy) 
contained sufficient blubber for hormone extraction and 
analysis.2 The progesterone concentration frequency distri-
bution was bimodal, with no value observed between 48.1 
and 89.3 ng/g, a finding consistent with the break between 
known pregnant and non-pregnant delphinids (Fig. 2). We 
therefore classified those females below 48.1 ng/g as non-
pregnant (n = 184) and those above 89.3 ng/g as pregnant 
(n = 24). This translated into a mean BP concentrations for 

2  The ratio of usable samples (those with sufficient blubber) out of 
all females sampled, 212/320 was particularly low for this sample set 
because many of the samples have been subsampled for other studies 
(population genetics and immuno-histochemical staining to character-
ize protein composition).

pregnant and non-pregnant females as 201  ng/g 
(SE  =  24.8) and 6.77  ng/g (SE  =  0.62), respectively 
(Table 1).

Spatial patterns

The Ripley’s K permutation test indicated that, within the 
biopsy samples, pregnant individuals were more clumped 
spatially than one would expect at random at a scale from 
6.0 to 180-nmi (Fig. 3). Proportion pregnant was greatest, 
by a substantial margin, in the northern portion of the study 
area (Figs. 4, 5).

After discovering this potential spatial pattern in preg-
nancy, the historic fishery-kill data from our study area 
were divided into three subregions: north, central, and 
south (Fig. 4), delineated by breaks in the biopsy sampling 
distribution. This allowed us to test whether the historic 
fishery-kill3 had similar spatial patterns with respect to 
pregnancy as the biopsies and to assess whether any region 
had a significantly higher proportion pregnant in the fish-
ery-kill data (Fig.  6). The subsequent 2  ×  3 contingency 
analysis indicated that proportion pregnant in the historic 
fishery-kill varied significantly among the three regions 
(χ2 = 11.81, p = 0.004). Individual 2 × 2 contingency tests 
showed that the northern region was significantly higher in 
proportion pregnant than either of the two more southern 
regions (central: χ2 = 5.18, p = 0.02; southern: χ2 = 12.00, 
p < 0.001), but we found no significant differences between 
the southern two (χ2 = 0.80, p = 0.88).

Comparison of proportion pregnant between historic 
fishery‑kill and current biopsies

We found the proportion of all females biopsied that were 
pregnant (likely mature plus non-neonate juveniles) was 
0.115 (SE  =  0.022). This result is significantly lower 
(χ2 = 11.04, p < 0.001) than the overall proportion of preg-
nant females sampled from the historic fishery by catch 
(0.216 ±  0.011 SE) within the same area. However, after 
stratifying both datasets into the three geographic subre-
gions, we found that in only two of the three areas were 
there significantly fewer proportion pregnant females in the 
biopsies (central χ2 = 5.08, p = 0.023; southern χ2 = 7.82, 
p = 0.004), the exception being the northernmost sampling 
subregion, at the mouth of the Gulf of California, which 
was not significantly different from the historic fishery-kill 
(χ2 =  1.44, p =  0.22). However, the last can be perhaps 
ascribed to inadequate statistical power given the smaller 
sample sizes for the northern strata.

3  Because there was no a priori stratification of the biopsy data, we 
did not compare the proportion pregnant between these regions with 
this sample set.

Fig. 2   Frequency distribution of blubber progesterone concentrations 
(ng/gram of tissue extracted) in biopsied females pantropical spotted 
dolphins

Table 1   Mean blubber progesterone concentrations (ng/g  ±  SE) 
found in projectile and tagging biopsy samples, and necropsy speci-
men samples of pantropical spotted dolphins

No significant differences were found between the types of samples 
irrespective of reproductive state

Tissue type Non-pregnant  
(immature and mature)

Pregnant

Biopsies (all) 6.77 ± 0.62 (n = 184) 201 ± 24.8 (n = 24)

Necropsies 6.49 ± 0.99 (n = 7) 398 ± 128 (n = 2)
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Fishery exposure

In our biopsy sample, pregnant animals had substan-
tially lower fishery exposure indices than non-pregnant 
ones (Table  2). Permutation tests of the difference in 

mean exposure (Δμmean) indicated that these differ-
ences were significant for both ambits, the 140-day ambit 
(Δμmean  =  −39.3, p  =  0.0220) and the 180-day ambit 
(Δμmean = −37.8, p = 0.0188), suggesting that there was 
an inverse relationship between estimated fishery exposure 

Fig. 3   Results of spatial pattern analysis of the distribution of 24 
biopsied pregnant pantropical spotted dolphins relative to all females 
sampled (n = 212) using Ripley’s K statistic. The function K(d) was 
calculated for each 20-nmi interval (0–300 nmi) and 50-nmi interval 
(>300 nmi). The derived statistic K(d)/npregnant was plotted against 
distance (dotted lines). The solid lines represent the 95 % simulation 
envelope for total spatial randomness. The envelope was derived by 
permuting (5,000 simulations/distance) pregnancy state for the entire 
set of sampling sites while fixing the total number of simulated preg-
nant animals at 24 (equal to the observed number)

Fig. 4   Prediction map from an ordinary Kriging interpolation of the 
proportion pregnant of our biopsies of female pantropical spotted dol-
phins. The open circles indicate the sampling locations and darker 
areas denote higher levels of proportion pregnant

Fig. 5   Geographic distribution of the female pantropical spotted dol-
phin biopsies designated as pregnant (dark circles) and non-pregnant 
(light circles) as determined by blubber progesterone concentrations. 
Using these data, three geographic strata were delineated (light boxes 
at breaks in the sampling distribution. These strata were used for 
comparisons within the historic fishery-kill and between the biopsies 
and the historic fishery-kill

Fig. 6   Spatial distribution of pregnant and non-pregnant female pan-
tropical spotted dolphins in the observed historic fishery-kill from 
1974 to 1992, constrained to the same area and time of year covered 
by our biopsy sampling from 1997 to 2003. The light colored boxes 
indicate the strata of comparison used to (1) investigate spatial differ-
ences in the proportion pregnant within the historic kill and (2) assess 
regional differences in the proportion pregnant between the kill and 
the biopsies
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and proportion pregnant. Moreover, there was also an 
apparent spatial pattern to the fishery exposure index and 
the density of sets, with lowest levels seen in the north 
[where we find the highest proportion pregnant (Fig.  5)] 
and the highest levels in the south between 10 and 12° lati-
tude (Fig. 7).

Discussion

Pregnancy rate assessment

The frequency distribution of BP concentrations in the pan-
tropical spotted dolphin biopsies was bimodal, with no 

value between 48.1 and 89.3  ng/g, similar to the values 
reported for this species in this and previous studies (Trego 
et al. 2013). This hiatus is similar across all cetacean spe-
cies examined and in specimens of known reproductive 
state (Mansour et al. 2002; Kellar et al. 2006; Trego et al. 
2013); it reflects the separation between non-pregnant and 
pregnant females4 Based on the non-overlapping BP distri-
butions, pregnant females had on average 60 times higher 
BP concentrations than putative non-pregnant females. 
Again, these values are similar to those reported for this 
specimens in animals of known pregnancy state (Trego 
et  al. 2013). Together these pieces of evidence give cre-
dence to the use of BP concentration as a diagnostic of 
pregnancy in these dolphins.

A caveat of these findings is that there are non-preg-
nancy physiological conditions that could potentially lead 
to high progesterone levels and thus result in pregnancy 
misdiagnosis using this method. Corpora lutea associated 
with ovulation produce higher levels of serum progester-
one than those observed in non-pregnant and non-cycling 
females; however, in the serum these levels are usually 
lower than average levels seen during pregnancy (Brook 
et al. 2004). Also, pseudopregnancy, a condition in which 
no fetus is present yet the reproductive tract functions 
similar to that of a viable pregnancy can produce elevated 
serum progesterone (Robeck et  al. 2001), potentially at 
diagnostic levels. However, we believe that both of these 
conditions have only small effects on the calculated propor-
tion pregnant. Studies examining the historic fishery-kill 
data found only 2.9 % of all female spotted dolphins with a 
CL (n = 242) had no associated pregnancy detected, i.e., no 
observed conceptus or fetus (Perrin et al. 1976; Benirschke 
et al. 1980). If we make the assumption that no small con-
ceptus or fetus was overlooked in these studies, then we 
would expect that this 2.9  % was the maximum estimate 
of the percentage of pseudopregnancies and/or ovulations 
in these studies’ sample sets. Assuming that same 2.9  % 
applies to the current sampled population that would sug-
gest our proportion pregnant estimate should be corrected 
lower but only marginally, from 11.5 to 11.2 %.

Fishery exposure

It has been hypothesized that fishery-induced stress from 
frequent repeated chase and encirclement of dolphin 

4 G iven sufficient sampling, it is likely that one would find inter-
mediate values indicating a transition between pregnancy states or 
perhaps as a signal of ovulation. However, because these events are 
short in duration relative to the amount of time a female spends in 
pregnancy, lactation, or as an immature animal over her lifetime, they 
would be rare events and therefore difficult to detect via biopsy sam-
pling.

Fig. 7   Prediction map from an ordinary Kriging interpolation of 
Archer’s fishery exposure index (140-nmi ambit) for the biopsied 
female pantropical spotted dolphins. The open circles indicate sam-
pling locations and darker areas indicate higher levels of exposure 
associated with the samples. This map is a composite of relative 
exposure levels across all time periods that biopsies were collected 
and is intended to show that there is geographic variation in these lev-
els. It is not a necessarily an accurate representation of the individual 
values used for each point as they were collected during different 
years

Table 2   Median (SEmedian) fishery exposure indices, for the two 
ambits captured, of pregnant and non-pregnant biopsied female pan-
tropical spotted dolphin (S. attenuata)

The indices are significantly lower in pregnant animals indicating a 
negative relationship between fishery exposure and pregnancy. p val-
ues were calculated from Δμmean permutation tests in which preg-
nancy state was permuted (while keeping the proportion pregnant 
constant) to generate the null distribution in the difference in index 
means

Ambit (spatial 
temporal  
window)

Median fishery exposure index ± SEmedian p value

Pregnant (n = 24) Non-pregnant (n = 184)

140-day 42.4 ± 41.3 155.9 ± 6.19 0.0220

180-day 49.7 ± 43.8 169.0 ± 4.19 0.0170
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schools might lead to reduced reproductive success in the 
highly affected populations (Curry 1999; Archer et  al. 
2004b; Cramer et al. 2008). Our finding that pregnant ani-
mals were estimated to have less previous estimated fishery 
exposure than non-pregnant animals is consistent with this 
hypothesis. Individual dolphins are chased, captured, and 
released on average of eight times a year (2–50 times annu-
ally depending on school size) (Perkins and Edwards 
1999)5 with animals in larger schools exposed at a rate of 
approximately once a week. The high annual rate of chase 
and encirclement of dolphins during tuna fishing may con-
stitute a chronic stressor that negatively affects reproduc-
tive physiology, altering the rate of pregnancy throughout 
this population.

These results are consistent with the Cramer et al. (2008) 
study that showed a negative correlation between the pro-
portion of calves in pantropical spotted dolphin popula-
tions and fishing effort. In other Cetartiodactyla, numerous 
stressors (e.g., noise, isolation, restraint, social separation, 
and social aggression), including some that may be more 
benign than chase and encirclement, have been shown to 
affect all major aspects of reproductive endocrine activity, 
leading to irregular estrus, fewer ovulations, fewer success-
ful fertilizations, implantation failure, spontaneous abor-
tion, and elevated infant mortality (Moberg 1976, 1991; 
Hennessy and Williamson 1983; Wilson et  al. 1998a, b). 
How this interference may affect the proportion pregnant 
is difficult to predict and depends on which stage of preg-
nancy or reproduction in general is most vulnerable to fre-
quent chase and encirclement. We discuss three potential 
scenarios here:

1.	 If the most vulnerable aspects of reproduction are 
ovulation, fertilization and/or early pregnancy, then 
one would expect to find a lower proportion pregnant 
in areas with higher fishing effort. It is well known in 
the mammalian literature that chronic stress has nega-
tive impacts on ovulation (Moberg 1976; Coubrough 
1985). Any effect on ovulation rate would be difficult 
to quantify, but there is evidence that early fetal mortal-
ity of dolphin populations impacted by the fishery may 
be high (Perrin et al. 2003).

2.	 If late pregnancy and neonate survival are more vul-
nerable, then we might expect a positive correlation 
between proportion pregnant and chase and encircle-
ment frequency because mothers with calves are physi-
ologically less likely to become pregnant (lactation has 
inhibitive effects on ovulation) (McNeilly 2001). If a 
calf is killed well before weaning or as a fetus before 

5  The duration of each dolphin set is on the order of one to 2 h with 
problematic sets lasting longer (Curry 1999).

birth, then it is likely that its mother would become 
pregnant again earlier than had the calf or fetus not 
died. If this situation occurred at a sufficient rate, it 
would lead to a measurably higher proportion pregnant 
within the population (but a lower birth rate). Several 
studies have indicated that dolphin calves, especially 
neonates, are disproportionally more vulnerable to 
chase and recapture than dolphins of other demo-
graphic classes (Archer et  al. 2001, 2004a; Edwards 
2006; Noren and Edwards 2007).

3.	 It could be some combination of ‘1’ and ‘2’, in which 
higher than normal prenatal and natal mortality effect 
both of these vulnerable life-history stages.

Given the fact that we found pregnant animals had sig-
nificantly lower fishery exposure levels, the results of this 
study are more concordant with scenarios ‘1’ and ‘3’; they 
suggest that the main effect of fishery exposure is that it 
reduces the likelihood of a female being pregnant (i.e., 
either becoming pregnant or maintaining a pregnancy). 
There are several alternative explanations that could 
explain this result that might also have a similar spatial pat-
tern, for example, any oceanographic/habitat conditions 
that increase the likelihood of becoming and staying preg-
nant might be poor for tuna fishing (see the Spatial Patterns 
section, for additional discussion). Second, the sampling in 
this study was not random; the biopsies were taken oppor-
tunistically, leading to clumped sampling in both time and 
space. This may result in some pseudo-replication charac-
teristics within the sample set. Currently, there are too few 
samples, especially of pregnant animals (n =  24) to ade-
quately address this concern.

Comparing proportion pregnant between historic 
fishery‑kill and biopsy data

While the observed regional pattern in proportion pregnant 
from the fishery-kill specimens and the biopsy samples are 
similar, the absolute values differ. This likely reflects differ-
ences in sampling biases in the two datasets. It appears that 
differential age selectivity of the fishery lead to a dispro-
portionately high proportion pregnant in the measured fish-
ery-kill. Age-frequency distributions of spotted dolphins 
collected during the kill indicate that it is biased; juveniles 
(5–15  year olds) are substantially under-represented 
(Archer and Chivers 2002). This has potentially large rami-
fications for the historic fishery/biopsy comparison. Recall 
that the metric, “proportion pregnant” reported in this 
study, is the number of pregnant females as a fraction of all 
females sampled. By disproportionally sampling non-juve-
nile females, we expect that the proportion pregnant within 
the fishery-kill is biased higher than what we would find in 
the actual population. If biopsy sampling is less biased or 
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differently biased with respect to age, this could easily 
account for the differences seen in proportion pregnant in 
this study6.

Other plausible explanations include (1) natural tem-
poral variation in reproduction is such that biopsies were 
obtained during a particularly low pregnancy period, (2) 
changes in habitat during the intervening years leading to 
reduced reproductive capacity for the population, and (3) 
stochasticity in the data not accounted for in this investiga-
tion. However, given the known age selectivity of the fish-
ery-kill, it is difficult to tease out the role that these factors 
might have in the disparity of proportion pregnant between 
the kill and the biopsies.

Spatial patterns

The spatial variability analyses indicated that pregnancy 
state was not randomly distributed with respect to space. 
Both the fishery and biopsy data indicated that pregnancy 
rates were highest in the mouth of the Gulf of California. 
The explanation may be as simple as that the different areas 
contain demographically distinct populations with different 
reproductive rates. There are several additional plausible 
explanations for this type of selective spatial clumping:

Pregnant females move to areas of higher forage density

Many different mammals segregate by demographic or 
reproductive condition by selecting habitats that can 
meet their specific nutritional requirements (Seagle and 
McNaughton 1992; Labisky and Fritzen 1998; Bowyer 
2004; Millspaugh et al. 2004; Ciuti et al. 2006). Pregnant 
females, especially during mid- to late gestation, experi-
ence large increases in energy requirements (Millar 1977; 
Jonsson et al. 1995; Reynolds and Kunz 2000) and changes 
in dietary needs that can prompt movement to more pro-
ductive or more nutritionally appropriate habitats (Bonen-
fant et  al. 2002). In our case, we find the highest propor-
tion pregnant in the mouth of the Gulf of California, an 
area with relatively high productivity (Collins et al. 1997; 

6   Currently, we do not know how or whether biopsy sampling is 
selective relative to age. We do know that calves under a year old and 
mothers with calves under a year old were not targeted for biopsy 
sampling. With this restriction, one would expect that the biopsy data 
would be, like the fishery-kill, biased high compared to the fraction of 
pregnant females within the actual population because female calves 
cannot be pregnant and mothers with calves are disproportionally 
less likely to be pregnant compared to other adult females (lactation 
generally suppresses ovulation). However, it is unknown whether this 
bias is as large as that resulting from the fishery-kill; consequently, it 
is uncertain whether the differences in selectively of the two sampling 
methods (i.e., fishery by catch and biopsy) are solely responsible for 
the large differences in proportion pregnant.

Bustos-Serrano and Castro-Valdez 2006) and an additional 
local maximum near the northwestern edge of the Costa 
Rica Dome another oceanographic feature associated with 
upwelling and relatively high productivity (Fiedler and 
Reilly 1994; Fiedler 2002). Therefore, “the differential 
nutritional requirements concept” appears to be an explana-
tion consistent with our observations. However, we know 
that directly after pregnancy, the nutritional requirements 
are on average even higher while lactating (Hadjipie and 
Holmes 1966; Millar 1975, 1977; Bowen et  al. 2001); in 
some mammals, the difference is as much as three times 
as great (Millar 1977). So although nutrition may be a 
driver for reproductive partitioning or differential location 
selectivity, we would not necessarily expect only pregnant 
animals to be disproportionately occupying the areas of 
highest nutritional output or highest prey concentration; 
lactating females would be subject to the same drive. In 
addition, this explanation presupposes that there is some 
drawback to these areas (that is currently unknown) such 
that when a post-weaned female is not either pregnant or 
lactating, she would more likely than chance move to an 
area of more limited nutritional resources; otherwise, one 
would expect that all animals, regardless of reproductive 
condition, would seek out areas of high productivity.

Mature females segregate spatially

Because we cannot differentiate maturity state in biopsied 
females, it also may be that mature females are dispropor-
tionately segregating from immature/post-weaned animals 
on a regional basis. If this is true, the factors delineated 
above may still contribute to the spatial variability we find 
in pregnancy state, but they would be acting on somewhat 
different physiological, behavioral, and/or social attributes 
associated with the different maturity groups instead of the 
different pregnancy states. Previous studies have observed 
selective maturity partitioning in several free-ranging dol-
phin and porpoise species. They show reproductively 
immature animals schooling differently and in different 
areas compared with mature dolphins (Kasuya 1972, 1976; 
Kasuya and Ogi 1987). However, as noted above, the fish-
ery-kill data do not suggest strong segregation by demo-
graphic or reproductive state.

Chase and encirclement altered reproductive physiology 
regionally

Because fishing effort is not evenly distributed in space 
with respect to dolphin abundance, we expect that dol-
phins in certain areas experience different levels of chase 
and encirclement; this is evident in the fishery exposure 
analysis (Archer et al. 2010). If chase and encirclement is 
generating altered physiological condition at a level that 
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negatively affects reproduction as suggested by the expo-
sure analysis, it might alter the relative spatial distribution 
of pregnancy.

Again the specific effects of high fishery exposure on 
pregnancy rate could be complicated, depending on which 
aspects of reproduction are most vulnerable; for instance, 
we might not necessarily expect that high fishery exposure 
would lead to lower pregnancy rates, especially if the late 
pregnancy or early postnatal periods are most affected. As 
noted above, this is because mortality at these stages may 
allow mothers to become pregnant again faster than had 
they successfully raised and weaned their offspring.

It may be that more than one of these potential factors 
play some role in the geographic variation of pregnancy. 
However, irrespective of the potential causes, we reiterate 
that there does not appear to be strong segregation (though 
it is statistically significant) by either pregnancy or maturity 
state, for instance, in the historic fishery-kill, as we find all 
demographic classes are represented in all areas examined 
in the kill data. Instead, the signal suggests a disproportion‑
ate preference of certain areas by different reproductive/
demographic groups.

Conclusions

Though the evidence we present does not establish a defini-
tive causal relationship between purse-seining sets on dol-
phins and decreased pregnancy rates, it is consistent with 
the hypothesis that repeated chase and encirclement of dol-
phins by ETP tuna purse-seine fishery negatively impacts 
dolphin reproduction. This hypothesis is consistent with 
the lower numbers of pantropical spotted and eastern spin-
ner dolphin (S. longirostris orientalis) calves observed 
during years with high fishing effort (Cramer et  al. 2008) 
and in general, the relationship of anthropogenic stressors 
associated with reduced reproductive success in other free-
ranging wildlife populations (Harrington and Veitch 1992; 
Ellenberg et al. 2007; French et al. 2011). If NE pantropi-
cal spotted dolphin reproduction is negatively impacted by 
tuna purse-seining, this would help explain the observed 
slow recovery in abundance of this depleted popula-
tion (Gerrodette and Forcada 2005; Wade et  al. 2007), as 
it would result in a lower rate of recruitment. Given the 
results of this and previous studies examining the potential 
impacts of the fishery on the recovery of the pantropical 
spotted dolphin population in the ETP, additional research 
examining the direct effects of chase and encirclement on 
dolphin reproduction is needed.
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