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SUMMARY
Whales are now largely protected from direct harvest, leading to partial recoveries in many previously
depleted species.1 However, most populations remain far below their historical abundances and incidental
human impacts, especially vessel strikes and entanglement in fishing gear, are increasingly recognized as
key threats.2 In addition, climate-driven changes to prey dynamics are impacting the seasonal foraging
grounds of many baleen whales.2 In many cases these impacts result directly in mortality. But it is less clear
howwidespread and increasing sub-lethal impacts are affecting life history, individual fitness, and population
viability. We evaluated changes in body lengths of North Atlantic right whales (NARW) using aerial photo-
grammetry measurements collected from crewed aircraft and remotely operated drones over a 20-year
period (Figure 1). NARW have been monitored consistently since the 1980s and have been declining in abun-
dance since 2011 due primarily to deaths associated with entanglements in active fishing gear and vessel
strikes.3 High rates of sub-lethal injuries and individual-level information on age, size and observed entangle-
ments make this an ideal population to evaluate the effects that these widespread stressors may have on in-
dividual fitness. We find that entanglements in fishing gear are associated with shorter whales, and that body
lengths have been decreasing since 1981. Arrested growth may lead to reduced reproductive success4,5 and
increased probability of lethal gear entanglements.6 These results show that sub-lethal stressors threaten the
recoveries of vulnerable whale populations even in the absence of direct harvest.
RESULTS AND DISCUSSION

We combined age and length data collected from crewed aircraft

in 2000–2002 and from remotely operated drones in 2016-2019 in

a growth model mirroring a previous analysis of the 2000–2002

data.7 We modified the 2-phase Gompertz growth equation to

includemodel-estimatedeffectsonasymptotic length for: (a) birth

year, (b) duration of entanglements with attached fishing gear, (c)

whether a whale’s mother experienced a severe entanglement

injury while nursing that whale, and (d) the number of lactation

events a female whale experienced, which is known to be one

of the most significant energetic expenditures for right whales.8

Weconsidered thecumulativeeffectsof covariates frombirthuntil

age 10 (or until the time of measurement if it occurred prior to age

10), as the expected length at age 10 ismore than 95%of the esti-

matedasymptotic lengthandconstraints togrowthafter that point

would be unlikely to measurably affect whale lengths.
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Across all years we collected 202 length measurements of 129

individual whales: 133 measurements from crewed aircraft and

69 from remotely operated drones. 76 whales were measured

once, 36 twice (in separate years), 14 three times, and 3 four

times. The ages of measured whales ranged from <1 to 37 years

old, including whales born from 1981 to 2019. Eleven whales in

our dataset were observed with attached gear; 8 of those whales

were measured once, 2 were measured twice, and 1 was

measured four times. Gear entanglement durations (midpoints)

ranged from 65 to 334 days. Sevenmeasured whales had known

severe maternal entanglement injuries; 1 of those whales was

measured twice. No whales in our dataset had both a maternal

entanglement injury and an entanglement with attached gear.

Nine measured whales had one lactation event, and 1 whale

had two lactation events prior to age 10.

Birth year had the greatest effect on the estimated asymptotic

lengthofNARW(99.8%ofposterior distribution<0).Theestimated
nc.
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Figure 1. Stunted North Atlantic right whales

A scaled photo illustration comparing the body lengths of (A) Whale 1703, imaged in 2017 at age 30 using a remotely operated drone, (B) Whale 2145, imaged in

2001 at age 10 from a crewed aircraft, (C) Whale 3180, imaged in 2002 at age 1.5 from a crewed aircraft, (D) Whale 3617, imaged in 2017 at age 11 using a drone,

and (E) Whale 4130, imaged in 2016 at age 5 using a drone. The dashed outline in each panel represents the median model-estimated body length for a whale of

the same age born in 1981 with no history of entanglements or maternal entanglements. Note the entanglement scarring around the caudal peduncle in (D).

Figure design by Madeline Wukusick.
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effect of birth year was an asymptotic length 0.025 m (95% cred-

ible intervals 0.01–0.04) shorter than the baseline asymptotic

length per year born after 1981. With the maximum effect of birth

yearapplied,awhaleborn in2019 isexpected to reachamaximum

length approximately 1 m shorter than a whale born in 1981 (Fig-

ure 2). This corresponds to a 7.3% decline in maximum body

length. Known entanglements of a whale with attached gear

(97.4% of posterior distribution <0) and entanglements of its

mother during nursing (99.7% of posterior distribution <0) also

had negative effects on expected maximum length, of approxi-

mately�0.64m (4.7% length reduction) and�0.69m (5.0% length

reduction), respectively. The effect of entanglement with attached

gearwas applied as a continuous effect, so awhale with an entan-

glement duration that is half the maximum duration is expected to

experience half of that negative effect on asymptotic length, or an

expected asymptotic length 0.32 m shorter than baseline. There

was no significant effect of the number of lactation events

(61.2% of posterior distribution >0) on expected maximum length

of right whales (Figure 3). The estimates of error around themodel-

estimated mean length-at-age were different across altimeter

types.GPS altimetermeasurements had the highest error (median

0.63, 95% CI 0.26–1.01 m), followed by laser altimeter measure-

ments (0.52, 0.19–0.77 m) and radar altimeter measurements

(0.27, 0.01–0.48 m).

Our results demonstrate that NARW born in recent years have

experienced stunted growth, and over the same period that we

detected this effect they have experienced increasing rates of

entanglement.3 As a result, NARW appear to have less energy

to devote to early growth. A portion of the estimated length

reduction was directly attributable to entanglements, but the ef-

fect size of entanglements was smaller than the effect size of
birth year. We posit that the birth year effects on asymptotic

length represent the cumulative effects of dynamic and hard-

to-observe impacts on individual NARW that may include unre-

corded entanglements, shifting prey seascapes, vessel strikes,

and foraging interference from vessel traffic (Figure 4). For

example, entanglements of NARW are imperfectly observed,

and many whales have evidence of entanglement injuries

without direct observations of attached gear; in these scar-

only cases it is impossible to determine the duration of those en-

tanglements.9 Even direct observations of attached gear events

have only approximate entanglement durations (we considered

the midpoint betweenminimum andmaximum possible duration

of each entanglement) and there is almost certainly a large

amount of noise introduced into our analyses as a result of these

imperfect observations. Consequently, while our analyses de-

tected a negative effect of entanglements on whale length, we

cannot rule out a larger true effect size than our estimate; for

example, if entanglements that were not recorded in our dataset

contributed to restricted growth that was instead reflected in

birth year effects.

The abundance of Calanus finmarchicus, a primary copepod

prey item for NARW, has fluctuated in the Gulf of Maine over

the past 40 years (Figure 4), apparently driving reproductive

output in the NARW population.11 C. finmarchicus is a subarctic

species, and its distribution is expected to shift poleward as the

North Atlantic warms,12 leading to projected abundance de-

clines in the Gulf of Maine.13 There has not been a steady decline

in C. finmarchicus abundance coincident with the decreasing

NARWbody lengths reported here. However, in the past decade,

sighting rates of NARW on their typical foraging grounds have

declined, and the timing and geographic distribution of peak
Current Biology 31, 3174–3179, July 26, 2021 3175



Figure 2. Growth curves for North Atlantic

right whales

The gray curve in each panel represents the ex-

pected length at age for a typical NARW born in

1981 that experiences no entanglements and does

not have an entangled mother while nursing. Solid

lines represent median estimates and colored

curves represent 95% Bayesian credible intervals

for the mean length at age of whales with covariate

effects applied.

(A) The expected length at age for a typical whale

born in 2019 that experiences no entanglements

and does not have an entangled mother while

nursing (orange curve). Black points are observed

lengths of known-age whales, with point size indi-

cating the birth year of the whale (in three ranges for

clarity; all panels). The dashed circles and corre-

sponding labels indicate the whales pictured in

Figure 1 panels A–E.

(B) The expected length at age for a typical whale

born in 1981 that experiences a severe attached-

gear entanglement (maximum effect size of a 334-

day entanglement duration applied; dark blue

curve). Light gray points are whales with no observed attached-gear entanglements; black points are whales with observed attached-gear entanglements. Note

that duration of entanglement is not indicated.

(C) The expected length at age for a typical whale born in 1981 whose mother is entangled while that whale is nursing (light blue curve). Black points are whales

whose mothers were detected with a severe entanglement injury while the measured whale was a nursing calf.

(D) Theexpected length at age for a typicalwhaleborn in2019 that experiencesa severeentanglement (maximumeffect size;orangeandbluestripedcurve). In other

words, the cumulative effects of birth year and entanglements. Black points are whales with observed attached-gear entanglements or whales whosemother was

known tohaveasevereentanglement injurywhile themeasuredwhalewasnursing, as theseeffect sizeswerecomparable.Seemodeldiagnostics inFiguresS1–S3.
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C. finmarchicus densities have been shifting.14 These changes

may indicate a deteriorating foraging environment in the Gulf of

Maine. Given that NARW are dependent on hyper-dense
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Figure 3. Covariate effects on asymptotic length of North Atlantic

right whales

Violin plots represent the Bayesian posterior distributions of the estimated

effect (in meters) of each covariate on the asymptotic length parameter in the

2-phase Gompertz growth equation. The interior boxplots represent the me-

dian effect size (horizontal black line), the 50% posterior density intervals

(white box) and the 95% credible intervals (vertical black line). The effects of

birth year, gear entanglement duration, maternal entanglement, and number of

lactations are scaled to the maximum effect size as the minimum covariate

values for each of these is zero. We considered an effect significant if >95% of

posterior draws were below (or above) zero.
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patches of copepods to maximize foraging efficiency,15 coarse

regional indices of C. finmarchicus abundance (e.g., Figure 4)

may not adequately represent foraging conditions that could

affect growth rates. Other anthropogenic factors such as

increasing vessel noise could also be interfering with foraging

behavior and restricting NARW growth16 (Figure 4).

In baleen whales, larger maternal size and body condition are

associated with faster calf growth rates and larger calves.4,5

Decreasing body size may therefore be associated with smaller

calves and lower calf survivorship, or potentially delayed first

calving and lower reproductive success in females. NARW

exhibit generally poor body condition compared to other popula-

tions of right whales,17,18 which could contribute to synergistic

negative effects where females in poor condition produce

smaller calves that ultimately reach smaller maximum sizes,

further contributing to reduced calf growth and declining calf

condition. In addition, our results suggest that sub-lethal entan-

glements constrain overall body size in NARW, whichmay in turn

make them less resilient to future entanglements by reducing

their absolute energetic reserves and increasing the probability

of a lethal entanglement.6

Mortality from vessel strikes and entanglements in fishing gear

are thought to be a major driver of the current NARW population

decline,3 but the observed changes in body lengths also indicate

a troubling trend that may have further negative effects on pop-

ulation viability in this critically endangered species, with chronic

sub-lethal health effects slowing growth and potentially reducing

reproductive success. Changes in body size can also be a lead-

ing indicator of population collapse,19–21 further highlighting the

ongoing and compounding threats to the NARW population. Im-

plementing solutions to reduce entanglements and other anthro-

pogenic impacts could give North Atlantic right whales increased



Figure 4. Possible cumulative impacts affecting right whale growth

Time series of potential stressors that could affect right whale energy budgets and foraging success.

(A) Number of new serious entanglements (attached gear or severe injuries) observed each year, standardized by the number of individual whales observed during

field surveys; source ref.9

(B) Number of vessel strikes resulting in blunt trauma or deep lacerations observed each year. Note that vessel strikes are raw counts and not per capita rates;

source ref.10

(C) Cumulative vessel transit distances (in kilometers) within three special management areas that are NARW foraging hotspots: Cape Cod Bay, Race Point, and

Great South Channel; source NMFS Right Whale Vessel Speed Rule Assessment, June 2020.

(D) Calanus finmarchicus abundance anomalies for the Gulf of Maine; source NOAA Ecosystem Dynamics and Assessment Branch ecodata. The lines in each

panel are a loess smooth to the annual data.
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resilience to adapt to changing prey dynamics and other climate-

related impacts while maintaining population viability.

Changes to life history traits, such as growth rates and age or

size at maturity, are well documented in heavily exploited spe-

cies (in particular fishes).22 Body size changes in mammals

(both positive and negative) are also expected under changing

climate conditions.23,24 Our results suggest that humans are im-

pacting the demographic characteristics of endangered and

protectedmarinemammals through indirect and incidental pres-

sures on vulnerable populations. Entanglements in fishing gear

are a growing problem for migratory baleen whale species and

a wide variety of marine mammals.25 Extensive survey effort

for the NARW population allowed the sub-lethal effects of entan-

glements to be directly (if imperfectly) estimated, but it is likely

that other marine mammal species that experience chronic en-

tanglements are being similarly affected.
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Data and Code Availability
All data and R code to replicate these analyses are available at http://github.com/stewart6/NARW-Growth.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Aerial photogrammetry measurements were collected from free-ranging North Atlantic Right Whales under NOAA National Marine

Fisheries Service permits 21371, 17355 and 17355-01.

METHOD DETAILS

From 2000-2002, we used a fixed-winged, crewed airplane to collect aerial images of North Atlantic right whales (NARW) in the Bay of

Fundy, Canada.7 A 126mm format military reconnaissance camera captured images on film from approximately 250m altitude. From

2016-2019 we flew a remotely controlled hexacopter drone at altitudes of approximately 50 m to collect images of NARW in Cape

Cod Bay, U.S.A,17 taking digital images using a 25mm lens mounted on an Olympus camera with micro 4/3 sensor.26 Both methods

achieved flat images that were undistorted across the entire frame. We collected altitude measurements using radar altimeters in

2000-2002,7 drone GPS in 201617 and a laser altimeter27 mounted on the vertical gimbal of the drone camera in 2017-2019. We es-

tablished length estimates from image measurements by using altimetry data to convert image sensor distances to distances on the

real scale.7,26We only selected images for use in lengthmeasurements when awhalewas fully visible and appeared to be in flat orien-

tation parallel to the water surface. In general, variability in repeated-measurements of total lengths of cetaceans is low, with average

coefficients of variation typically ranging from approximately 1%–3%.27–29 While altimeter inaccuracies can lead to both positive and

negative length measurement errors, any movement or curvature of an animal will result in the animal appearing shorter from above

than it actually is. To minimize this negative bias, and following previous studies using aerial photogrammetry to estimate cetacean

lengths, we selected the longest measurement of each whale in cases of multiple measurements of an individual within a single sam-

pling season7,28,30

We individually identified whales from aerial images based on their callosity patterns,31 with known ages and birth years for indi-

vidual whales provided by the Right Whale Consortium.32 Directly observed entanglements with attached gear, as well as indirect

evidence of entanglements (e.g., scarring) have been recorded for NARW since 1980.9,32 Scarring patterns can provide

approximate information about the severity of an entanglement injury (minor, moderate or severe),33 but it is impossible to establish

the duration of an entanglement based on scarring alone. Entanglements with attached gear provide quantitative—although still
e1 Current Biology 31, 3174–3179.e1–e3, July 26, 2021
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imperfect—information about entanglement duration. We estimated the minimum and maximum duration of entanglements with

attached gear based on a whale’s sighting records.33 The minimum duration was calculated as the number of days between the

date that a whale was first observed with gear attached and the date that a whale was last observed with gear attached. If a whale

was first seen with attached gear on the same day that the gear was removed by a disentanglement team or shed by its next sighting,

the minimum duration was recorded as one day. The maximum duration was calculated as the number of days between the most

recent date that a whale was observed without attached gear prior to the first observation with attached gear, and the first observa-

tion without attached gear after the last observation with attached gear. For example, consider a whale that was seen on February 1st

with no attached gear, March 10th with attached gear, May 1st with attached gear, and July 10th with no attached gear. The minimum

entanglement duration would be March 10th – May 1st (52 days), and the maximum entanglement duration would be February 1st –

July 10th (160 days). To account for the uncertainty in true entanglement duration, we used the midpoint between the minimum and

maximum durations as our best estimate of entanglement duration. Growth rates in NARW slow considerably after age 107, so we

usedmid-point entanglement durations for anymeasuredwhale in our aerial photogrammetry dataset seenwith attached gear during

the first 10 years of life to represent a cumulative entanglement burden during early growth. If a length measurement was taken prior

to age 10, we used the entanglement duration midpoint prior to that measurement. Entanglement duration was included as a contin-

uous effect on asymptotic length (see model description below).

Maternal size and condition have been demonstrated to substantially impact calf growth rates in several populations of baleen

whales, including southern hemisphere right whales.4,5 This suggests that entanglements of a female with a dependent, nursing

calf could affect calf growth if maternal energy stores are lost to excess drag from an entanglement.34 In our dataset of aerial photo-

grammetrymeasurements,wehadno records ofmeasuredwhaleswhosemothers had anobserved entanglementwith attachedgear

while themeasured whale was a nursing calf. However, there were three records of measured whales whosemothers were seen with

attached gear that first appeared while the measured whale was < 1 year old and likely still nursing and eight records of measured

whales whose mother was detected with attached gear or severe injuries that may have occurred when the calf was < 1 year old.32

Formeasuredwhaleswhosemother hadevidenceof a severe entanglement injury or attachedgear known toor likely to haveoccurred

while the measured whale was nursing, we included a fixed effect of maternal entanglement on asymptotic length.

Lactation is an extremely costly life history event for right whales.8 The energetic burden of supporting dependent calves could in

theory reduce the amount of energy a female whale can devote to its own growth. We therefore considered the number of lactation

events that a whale experienced32 prior to age 10 as a continuous effect on the expected asymptotic length of that whale. If a whale

was measured prior to age 10, we considered the number of lactation events experienced prior to measurement, similar to our

handling of entanglement durations. For entanglement duration and number of lactation events, we scaled the covariate values asso-

ciated with each measured whale to 1 by dividing the observed covariate by the maximum covariate value.

QUANTIFICATION AND STATISTICAL ANALYSIS

We based our growth model on the two-phase Gompertz growth function that was fit previously to age and length data for North

Atlantic right whales collected between 2000 and 2002:7

St = Ae�ce�kt

where S is the expected length at age t, A is asymptotic length, c is the constant of integration, and k is the growth rate. This equa-

tion is fit separately in two phases to whales < 1 year old (Phase 1) and > 1 year old (Phase 2). We modified this equation to apply

covariate effects to asymptotic length, such that:

St;i = Aie
�ce�kt
Ai = bA +Oi
Oi =
Xn

j = 1

Cov:Effj;i
Cov:Effj;i � N½Covj;i � bj; sj�
where S is the expected length at age t for individual i, A is expected asymptotic length for individual i, bA is the asymptotic length

shared across all whales before covariate effects are applied, andO is the asymptotic length offset for individual i.Cov is the covariate

j (e.g., birth year, entanglement duration, etc.) experienced bywhale i, and b is themodel-estimated effect of covariate j.We introduce

process error by allowing the estimated covariate effect Cov.Eff to vary around the expected covariate effect with an independently

estimated standard deviation s for each covariate j. O is then calculated by summing the covariate effects Cov.Eff for each
Current Biology 31, 3174–3179.e1–e3, July 26, 2021 e2
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individual i.We chose to apply covariate effects to asymptotic length because growth rate and asymptotic length are typically highly

correlated in growth models, making it inappropriate to apply the same covariate to both parameters simultaneously. Whales are

expected to have determinate growth due to the fusing of growth plates,35,36 andwe therefore applied covariate effects to asymptotic

length rather than growth rate. This was based on the assumption that reduced early growth would lead to a truncated maximum

attainable length for an individual, rather than slower growth that could eventually result in a similar maximum length to unaffected

whales. In other words, we assume that the length a whale reaches by age 10-15 is likely to be close to the maximum size that whale

can achieve. We applied the same model-estimated offset on asymptotic length to both growth phases. Our limited sample size of

whales age < 1 (less than 10% of measured whales) contained no whales with attached gear or known maternal entanglements, and

all but four measured calves were born in 2001, making the estimation of independent covariate effects for each growth phase

impossible.

Previous analyses of NARW growth incorporated lengths from both aerial photogrammetry and necropsies from stranded whales.

We excluded necropsied individuals from our analysis because we were investigating potentially small changes in body length as a

result of covariate effects. Changes in body length are known to occur in stranded whales that have been towed to shore (stretching),

and correction factors for these stretching effects are approximate.7 As a result, our sample size of whales < 1 year old was smaller

than in previous studies, so we applied an informative prior to bA, k, and c for both Phase 1 & 2 based on the estimated parameters

from the same Gompertz 2-phase growth equation fit using length data from both photogrammetry and necropsies:7

bAPhase1 � N½11:93; 2:83�
bAPhase2 � N½13:82;0:28�
kPhase1 � N½2:325; 1:25�
kPhase2 � N½0:13; 0:03�
CPhase1 � N½1:017; 0:195�
CPhase2 � N½0:33; 0:02�
where each prior is normally distributed around a mean with standard deviation. This allowed parameter estimates to depart from

the provided informative priors if there was sufficient information in the data to estimate a different value, but helped

align baseline estimates of growth parameters with previous studies if therewere insufficient data to produce a new estimate (see Fig-

ure S1 & Table S1).

To account for different aerial photogrammetry platforms that used different methods to calculate aircraft altitude (radar altimeter,

GPS altimeter, and laser altimeter), we applied three separate model-estimated error terms to individual observations of length data,

such that:

st;i � N St;i;spt;i½ �
where s is the measured length of individual i at age t, which is normally distributed around the expected length S of individual

i based on its age t and applied covariate effects, with a unique standard deviation s for each photogrammetry platform p, which

is applied based on the platform used to measure individual i at time t.

We constructed and fit these models using the JAGS Bayesian modeling software37 run via R.38 We ran three chains, each of

100,000 iterations with a burn-in period of 50,000 iterations and a thinning interval of 50, for a total of 3,000 draws from the posterior

distribution. Model convergence was determined based on visual inspection of chains and bR values < 1.05, which indicates that

an infinite number of iterations would lead to potential reduction of posterior intervals by less than 5%.39 We considered covariate

effects to be significant if 95% of posterior draws for the estimated effect were < 0 for negative effects or > 0 for positive effects.

To determine whether the model was specified appropriately, we performed posterior predictive checks on all 202 length measure-

ments in our dataset. We applied themodel-estimated covariate effects to the recorded covariates for each whale, and sampled from

those mean values using the model-estimated observation error terms specific to the platforms used to image each whale. We then

compared observed values to the 95% posterior prediction intervals (Figures S2 and S3).
e3 Current Biology 31, 3174–3179.e1–e3, July 26, 2021
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