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ABSTRACT: The endangered North Atlantic right whale Eubalaena glacialis showed limited recov-
ery from the cessation of industrial whaling until 2011, and has since been in decline. Research is
therefore focused on identifying what factors are limiting recovery and what conservation actions
will be most effective. A compromised reproductive rate is one of the reasons for this lack of recov-
ery, yet there is no consensus on how to quantify reproductive performance. As one potential solu-
tion, we propose a relatively simple approach where we calculate the theoretical maximum number
of calves each year. Comparing this expected number to those observed (which is thought to be an
accurate representation of those births that actually occurred) provides a means to quantify the
degree to which reproduction is compromised annually and trends thereof over time. Implement-
ing this approach shows that, between 1990 and 2017, the number of calves born never came close
to the theoretical maximum, resulting in overall reproductive performance of only about 27 % of
that expected. In addition to quantifying the degree to which reproduction is compromised, this
approach should also be useful for quantifying the role of reduced reproductive performance in
limiting species recovery, and for aiding research programs focused on identifying what factors are

compromising reproduction.
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1. INTRODUCTION

There is increasing concern regarding the viability
of the North Atlantic right whale Eubalaena glacialis,
which is currently listed as endangered in both the
USA and Canada, and is currently represented by
<400 individuals (Pettis & Hamilton 2024). This species
was once the target of intensive whaling, but has not
recovered despite the cessation of that directed perse-
cution: there were only subtle signs of recovery for
decades (at a rate of ~2.5% yr‘l; Pace et al. 2017), but
the situation has since worsened and the species has
been in decline since 2011 (Pettis & Hamilton 2024).
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This lack of recovery has been attributed to 2 major
factors: a high rate of anthropogenic mortality from
vessel strikes and entanglement in fishing gear (Knowl-
ton et al. 2012, Pace et al. 2021), and a reproductive rate
that is markedly lower than the species' known potential
(Kraus et al. 2001, 2007). While many conservation ef-
forts have been directed at lowering rates of anthropo-
genic mortality (e.g. Vanderlaan et al. 2008, van der
Hoop etal. 2015), the factors compromising reproductive
performance are not yet well-understood and are likely
multifaceted (e.g. Kraus et al. 2007, Stewart et al. 2022).

For North Atlantic right whales, high quality mea-
surements exist for observed reproductive rates, but
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there are currently no clear benchmarks of expected
reproductive potential. Our goal was to develop a
simple and clear method with which to gauge
observed reproductive output against a theoretical
benchmark based on the reproductive cycle and age
structure of the population. Such quantification will
be helpful in quantifying the degree to which repro-
duction is compromised and the subsequent implica-
tions for species recovery. By quantifying the magni-
tude and trends of the problem itself, it will also aid
research focused on identifying what factors are limit-
ing reproductive performance.

2. MATERIALS AND METHODS
2.1. Data

Analyses were based on reproductive histories of
females from 1990 to 2017. Individual North Atlantic
right whales can be identified based on callosity pat-
terns on their heads, and also on variation in skin pig-
mentation and scarring (Kraus et al. 1986a). Ded-
icated field studies began in 1980, and fieldwork now
takes place almost year-round and throughout the
range of the species (Brown et al. 2007). The ability to
recognize individuals across space and time has pro-
vided a wealth of individual-based information (Ham-
ilton et al. 2007). Moreover, one identified calving
area has been intensively surveyed since the early
1990s. The extensive nature of these surveys, com-
bined with the coastal distribution of mother—calf
pairs and the fact that few calves are seen later in the
year that were not first seen on the calving ground,
suggest that the vast majority of calving events are
documented (Kraus et al. 2007). The observed repro-
ductive histories for females are therefore thought to
be highly accurate (Kraus et al. 1986b, Brown et al.
2007). Data on female age and reproductive histories
were obtained from the North Atlantic Right Whale
Consortium (www.narwc.org).

2.2. Characterization of reproductive performance

Two major components of poor reproductive per-
formance have been identified: (1) those associated
with inter-birth intervals; and (2) females that delay
their first reproduction until much later in life than
average, or that are completely nulliparous.

For inter-birth intervals, North Atlantic right whale
females are capable of giving birth once every 3 yr
(Knowlton et al. 1994, Kraus et al. 2001, 2007). This

represents approximately 1 yr of lactation, 1 yr of
‘resting’ to replenish tissue and energy stores, and
then 1 yr of gestation. However, there is a great deal
of variation around this 3 yr interval at temporal and
individual scales. Temporally, the average inter-birth
interval fluctuates over time, and has increased during
periods where the species appeared to be nutritionally
stressed (Kraus et al. 2001, Miller et al. 2011, Moore
et al. 2021). Second, there is a high degree of vari-
ability across different females, where some females
have reproduced fairly regularly at 3 or 4 yr intervals,
whereas other females have much longer average
intervals.

The second major component of reduced reproduc-
tive performance involves increased age of primipar-
ity and adult females that are nulliparous. It was pre-
viously estimated that about 12% of adult female
North Atlantic right whales are nulliparous (Kraus et
al. 2007). Moreover, although the estimated average
or modal age of first parturition has historically
ranged between 8 and 10 yr (Knowlton et al. 1994,
Kraus et al. 2001), recent evidence suggests that this
age has been increasing due to a range of factors that
may be delaying reproduction, such as nutritional
stress and non-lethal entanglements (Moore et al.
2021, Reed et al. 2022). We used 9 yr in our analyses
because most healthy females reproduce by this age,
and the goal is to identify reproductive rates expected
under ‘ideal’ conditions (i.e. if reproduction was not
being compromised by such factors).

To assess the relative contribution of both compo-
nents on reproductive patterns, we characterized the
observed reproductive histories of adult females in
each year. This involved identifying how many adult
females were 'presumed alive' in each year (the
majority of mortalities are not detected (Pace et al.
2021), and therefore individuals are ‘presumed alive'
until their 6th year without being sighted (Knowlton
et al. 1994, Hamilton et al. 2007)), and what their
reproductive histories were up to and including that
year: (1) those that had not yet reproduced; (2) those
that had produced 1 calf; and (3) those that had repro-
duced 2 or more times, and were therefore available
for analyses of inter-birth intervals. This resulted in a
reproductive cross-section of the adult females in
each year, with respect to these categories.

2.3. Quantifying reproductive performance
Our approach is based on calculating the expected

number of calves born in each year, and using that as
a metric against which the actual number of calves
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born is compared. We argue that the expected
number of calves born can be calculated as the
number of living adult females minus those that gave
birth in the previous 2 yr. The rationale is that if repro-
duction was not being compromised then we would
expect each adult female to give birth approximately
once every 3 yr. This approach captures both manifes-
tations of the reproductive problem. First, females
and/or time periods with longer inter-birth intervals
will result in fewer calves born than expected because
fewer females will be reproducing on the expected
3 yr schedule. Second, non-reproducing females will
also cause the observed number of calves to be lower
than expected because they are not producing calves.

This approach is justified as follows. First, we know
that North Atlantic right whale females can reproduce
once every 3 yr because many of them have done so
before (Knowlton et al. 1994, Kraus et al. 2001, Pettis
& Hamilton 2024). Indeed, the average inter-birth
interval from 1980 through 1992 was 3.67 yr (median =
3, SD = 1.04) (Knowlton et al. 1994). Thus, it is physio-
logically possible for them to do so under favorable
conditions. Second, the average inter-birth interval
for females in many populations of the closely related
southern right whale ( Eubalaena australis) is approx-
imately 3 yr (e.g. South Africa, 3.12 yr; Best et al. 2001).
Lastly, data from other baleen whale populations
indicate that the proportion of reproducing females is
closely aligned with known calving intervals. For
example, the average inter-birth interval for female
humpback whales Megaptera novaeangliae in the
North Atlantic is ~2.4 yr, and the estimated percentage
of adult females that are pregnant each year closely
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matches this at 41 % (Clapham & Mayo 1988). Many
studies of other large mammals also show a close rela-
tionship between inter-birth intervals and pregnancy
rates (e.g. Festa-Bianchet et al. 1998, Clutton-Brock
et al. 2003), indicating that, in a healthy population,
the vast majority of females reproduce at their maxi-
mum physiological rate (at least for species that do
not live in social groups where the reproductive suc-
cess of some females is controlled by others). Moreover,
the North Atlantic right whale population is very
small and therefore should be growing at their maxi-
mum intrinsic rate of increase, uninhibited by density-
dependent factors (e.g. Caughley & Birch 1971).

Combined, these data suggest that if reproduction
was not being compromised, it would be reasonable
to expect North Atlantic right whale females to repro-
duce approximately once every 3 yr. Based on this
logic, we used the mark—recapture abundance esti-
mation model described in Pace et al. (2017) to esti-
mate the expected number of calves born in each year
as the median estimated number of adult females
alive in each year minus the number of females that
gave birth within the previous 2 yr.

3. RESULTS

The reproductive histories of adult females pre-
sumed alive in the years 1990—2017 are shown in
Fig. 1A, and a cross-section of those females for the
year 2017 is shown in Fig. 1B. The data show a clear
decreasing trend in females that have reproduced
multiple times, with a corresponding increase in the
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Fig. 1. Reproductive histories of adult females in the years 1990—2017. Females were binned in 1 of 3 categories: (1) no calves as
of that year, (2) 1 calf as of that year, or (3) having given birth to >1 calf as of that year. (A) Percentage of adult females
that were in each category across years. (B) Cross-section of the adult females alive in 2017
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number of females that have not yet reproduced or
have had just 1 calf. In 2017 there were 134 females
presumed to be alive and adult. Of these 134 females,
75 (56 %) had given birth to more than 1 calf and were
therefore available for analyses of inter-birth inter-
vals. Of these females, 28 (21 %) had given birth to just
1 calf (as of 2017). The remaining 31 individuals (23%)
had not yet given birth.

The expected number of calves born for the years
1990—2017 is shown in Fig. 2A. Also shown is the
observed number of calves born in each year. Fig. 2B
shows the same data in a different manner, where the
observed number of calves is plotted as a percentage
of those that were expected for each year. Although
there is substantial annual variability, the average
over time shows that the reproductive performance of
this species is slightly less than a third (~27%) of that
expected.

4. DISCUSSION

The first major result from this work is the identi-
fication and quantification of the degree to which
nulliparous females —and females who delay repro-
duction until much later than expected — are contrib-
uting to the decreased reproductive performance
(Fig. 1). Indeed, by 2017 almost half (44%) of adult
females had either not given birth or had just 1 calf,
whereas just slightly over half (56 %) had reproduced
more than once and are therefore available for analy-
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ses of inter-birth intervals. These results show that
non-reproductive females, and females who are
delaying reproduction until later in life, represent a
major component of the reproductive problem, and
should be considered along with data on inter-birth
intervals when quantifying reproductive performance
(see also Reed et al. 2022).

Second, our approach provides clear targets for
maximum reproduction each year, providing a scien-
tific baseline against which actual reproductive per-
formance can be compared (although we would
expect natural variation around this theoretical maxi-
mum even if reproduction were not compromised).
This approach shows that in none of the 28 yr consid-
ered were the number of calves close to those
expected (Fig. 2). This result is alarming, and demon-
strates the magnitude of the degree to which repro-
duction is compromised within this species.

Lastly, our approach provides a clear and scientific
method to quantify and monitor reproductive per-
formance over time. This approach indicates that, on
average, the species is reproducing at only about 27 %
of its expected maximum rate, or put another way, the
reproductive rate is about 73% lower than its known
potential. Such information is critical for quantifying
the relative degree to which reduced reproductive
performance is limiting the recovery potential of the
species. For example, future analyses could compare
observed population trends with those expected if
reproduction rates were not compromised, as well as
those expected if anthropogenic mortalities were
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Fig. 2. Expected and observed number of calves born in each year from 1990 to 2017. (A) Expected number of calves born each

year (black dots) and associated 95% highest density intervals (HDIs). The observed number of calves is shown in red. (B) Pro-

portion of expected calves that were actually born. The values for each year are shown as black dots, and the average across all

years (from 1990 to 2017, 27%) is shown as a red dashed line. A linear estimate of the trend over time is shown in blue, indi-
cating a slight decrease over time (mean = —0.0034, SE = 0.0040)
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reduced or non-existent, to quantify the relative
contribution of anthropogenic mortality and compro-
mised reproduction on species recovery. Addition-
ally, this quantification of reproductive performance
will aid research programs focused on identifying
what factors are limiting reproduction, and to what
degree.

Acknowledgements. We thank all members of, and contri-
butors to, the North Atlantic Right Whale Consortium.
T.R.F.'s research is supported by Fisheries and Oceans Can-
ada (DFO), the Natural Sciences and Engineering Research
Council of Canada (NSERC), Genome Atlantic, Genome
Canada, and Research Nova Scotia.

LITERATURE CITED

ﬁ< Best PB, Brandao A, Butterworth DS (2001) Demographic
parameters of southern right whales off South Africa.
J Cetacean Res Manag 2 (Spec Issue):161—169
Brown MW, Kraus SD, Slay CK, Garrison LP (2007) Survey-
ing for discovery, science, and management. In: Kraus
SD, Rolland RM (eds) The urban whale. Harvard Univer-
sity Press, Cambridge, MA, p 105—137
X Caughley G, Birch LC (1971) Rate of increase. J Wildl
Manag 35:658—663
Clapham PJ, Mayo CA (1988) Reproduction of humpback
whales (Megaptera novaeangliae) observed in the Gulf of
Maine. Rep Int Whaling Comm (Spec Issue) 12:171—-175
Clutton-Brock TH, Pemberton JM, Coulson T, Stevenson IR,
MacColl ADC (2003) The sheep of St. Kilda. In: Clutton-
Brock T, Pemberton I (eds) Soay sheep: dynamics and
selection in an island population. Cambridge University
Press, Cambridge, p 1751
] Festa-Bianchet M, Gaillard JM, Jorgenson JT (1998) Mass-
and density-dependent reproductive success and re-
productive costs in a capital breeder. Am Nat 152:
367—379
Hamilton PK, Knowlton AR, Marx MK (2007) Right whales
tell their own stories: the photo-identification catalog. In:
Kraus SD, Rolland RM (eds) The urban whale. Harvard
University Press, Cambridge, MA, p 75—104
] Knowlton AR, Kraus SD, Kenney RD (1994) Reproduction in
North Atlantic right whales (Eubalaena glacialis). Can J
., Zool72:1297—1305
]‘1 Knowlton AR, Hamilton PK, Marx MK, Pettis HM, Kraus SD
(2012) Monitoring North Atlantic right whale Eubalaena
glacialis entanglement rates: a 30 yr retrospective. Mar
Ecol Prog Ser 466:293—302

Editorial responsibility: Brendan Godley,
University of Exeter, Cornwall Campus, UK
Reviewed by: N. Lysiak and 2 anonymous referees

Kraus SD, Moore KE, Price CA, Crone MJ, Watkins WA,
‘Winn HE, Prescott JH (1986a) The use of photographs to
identify individual North Atlantic right whales (Euba-
laena glacialis). Rep Int Whaling Comm (Spec Issue) 10:
145—151

Kraus SD, Prescott JH, Knowlton AR, Stone GE (1986b)
Migration and calving of right whales (Eubalaena gla-
cialis) in the western North Atlantic. Rep Int Whaling
Comm (Spec Issue) 10:139—144

#‘Kraus SD, Hamilton PK, Kenney RD, Knowlton AR, Slay CK
(2001) Reproductive parameters of the North Atlantic right
whale. J Cetacean Res Manag 2 (Spec Issue):231—-236

Kraus SD, Pace RM III, Frasier TR (2007) High investment,
low return: the strange case of reproduction in Eubalaena
glacialis. In: Kraus SD, Rolland RM (eds) The urban whale.
Harvard University Press, Cambridge, MA, p 172—199

] Miller CA, Reeb D, Best PB, Knowlton AR, Brown MW,
Moore MJ (2011) Blubber thickness in right whales Eu-
balaena glacialis and Eubalaena australis related with
reproduction, life history status and prey abundance.
Mar Ecol Prog Ser 438:267—283

] Moore MJ, Rowles TK, Fauquier DA, Baker JD and others
(2021) Assessing North Atlantic right whale health:
threats, and development of tools critical for conserva-
tion of the species. Dis Aquat Org 143:205—226

] Pace RM III, Corkeron PJ, Kraus SD (2017) State-space
mark-recapture estimates reveal a recent decline in
abundance of North Atlantic right whales. Ecol Evol 7:

.~ 8730—8741

]" Pace RM III, Williams R, Kraus SD, Knowlton AR, Pettis HM

(2021) Cryptic mortality of North Atlantic right whales.
. Conserv Sci Pract 3:e346

A Pettis HM, Hamilton PK (2024) North Atlantic Right Whale
Consortium 2023 Annual Report Card. Report to the North
Atlantic Right Whale Consortium. https://www.narwc.
org/uploads/1/1/6/6/116623219/2023narwcreportcard.
pdf

] Reed J, New L, Corkeron P, Harcourt R (2022) Multi-event
modeling of true reproductive states of individual female
right whales provides new insights into their decline.

., Front Mar Sci 9:994481

N Stewart JD, Durban JW, Europe H, Fearnbach H and others
(2022) Larger females have more calves: influence of
maternal body length on fecundity in North Atlantic

., rightwhales. Mar Ecol Prog Ser 689:179—189

A van der Hoop JM, Vanderlaan ASM, Cole TVN, Henry AG
and others (2015) Vessel strikes to large whales before
and after the 2008 ship strike rule. Conserv Lett 8:24—32

#A'Vanderlaan ASM, Taggart CT, Serdynska AR, Kenney RD,
Brown MW (2008) Reducing the risk of lethal encounters:
vessels and right whales in the Bay of Fundy and on the
Scotian Shelf. Endang Species Res 4:283—297

Submitted: August 9, 2024
Accepted: November 11, 2024
Proofs received from author(s): December 1, 2024


https://doi.org/10.47536/jcrm.vi.296
https://doi.org/10.2307/3799769
https://doi.org/10.1086/286175
https://doi.org/10.1139/z94-173
https://doi.org/10.3354/meps09923
https://doi.org/10.47536/jcrm.vi.285
https://doi.org/10.3354/meps09174
https://doi.org/10.3354/esr00083
https://doi.org/10.1111/conl.12105
https://doi.org/10.3354/meps14040
https://doi.org/10.3389/fmars.2022.994481
https://www.narwc.org/uploads/1/1/6/6/116623219/2023narwcreportcard.pdf
https://doi.org/10.1111/csp2.346
https://doi.org/10.1002/ece3.3406
https://doi.org/10.3354/dao03578



