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Abstract

Harbor porpoises, Phocoena phocoena, off California, comprise

four recognized population stocks: Morro Bay (MOR), Monte-

rey Bay (MRY), San Francisco-Russian River (SFRR), and North-

ern California-Southern Oregon (NCSO). The three

southernmost stocks experienced substantial bycatch in gill

net fisheries during the 1970s and 1980s. While the SFRR

stock received full protection from gill nets in 1989, the MOR

and MRY stocks continued to experience at least some

bycatch through 2001–2002. We examined long-term popula-

tion trends for these four harbor porpoise stocks, based on

two sets of systematic, aerial line-transect surveys conducted

off California during summer/fall of 1986–2017. We applied a

Bayesian hierarchical framework to specify a process model of

population density and an observation model of porpoise

counts during line-transect surveys. Growth rates were esti-

mated for periods with and without bycatch. Posterior distri-

butions indicate the MOR, MRY, and SFRR stocks,

respectively, grew at 9.6%, 5.8%, and 6.1% per year after gill

nets were largely or fully eliminated for each stock. Abundance

off northern California appears stable or slightly increasing.

This study provides a first empirical estimate of maximum net

reproductive rate for harbor porpoise (at least 9.6%), and dem-

onstrates that porpoise populations can recover from substan-

tial gill net impacts if bycatch is eliminated.
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1 | INTRODUCTION

Small cetaceans are known to be vulnerable to bycatch (i.e., incidental mortality in fishing gear) throughout the world

(Read, et al., 1993; Reeves, et al., 2013). Bycatch has caused or contributed to population declines of dolphins and

porpoises in diverse oceanic, neritic, and river systems, leading to extinction or near-extinction in the most extreme

cases, such as the baiji (Lipotes vexillifer) and the vaquita (Phocoena sinus) (Benke et al., 2014; Burkhart & Slooten, 2003;

Dawson et al., 2001; Gerrodette & Forcada, 2005; Slooten et al., 2013; Taylor et al., 2016; Turvey et al., 2007). Even

when active monitoring programs have been implemented and steps have been taken to reduce bycatch, population

recoveries have been difficult to achieve and document (e.g., Gerrodette & Forcada, 2005; Slooten & Davies, 2012).

The harbor porpoise, Phocoena phocoena, has been particularly vulnerable to impacts from fishing and other

anthropogenic activities throughout its coastal, northern hemisphere range (Barlow & Hanan, 1995; Jefferson &

Curry, 1994; Read et al., 1993; Teilmann & Carstensen, 2012; Tregenza et al., 1997). Gill net fisheries have been par-

ticularly problematic, as harbor porpoises are vulnerable to fatal entanglement. Population declines attributable to gill

net fisheries have been documented or are suspected in several regions (Carlén et al., 2018; Jefferson &

Curry, 1994; Osmek et al., 1996; Read et al., 1993). To our knowledge, population recoveries have not been docu-

mented, although harbor porpoises have recently expanded back into Puget Sound, Washington, and San Francisco

Bay, California, from adjacent waters after decades of absence (Evenson et al., 2016; Stern et al., 2017).

Off California, harbor porpoises were anecdotally reported as bycatch in a large-scale California gill net fishery for

white seabass (Cynoscion nobilis) that started in the 1930s and tapered off with the depletion of this fish stock in the

1970s (Barlow & Hanan, 1995; Methot, 1983). No estimates of total bycatch were made, but Norris and Pres-

cott (1961) reported that 10 porpoises were caught within less than a week by a single sea bass fishing vessel operat-

ing out of Morro Bay. A gill net fishery for halibut (Paralichthys californicus) expanded in central California during 1970s

and 1980s. Limited bycatch monitoring in that fishery facilitated the first rough estimates of harbor porpoise bycatch,

revealing differences in the timing and intensity of bycatch in three fishing regions along the central California coast

(Barlow & Hanan, 1995; Figure 1). Despite the uncertainty of these early estimates, the levels of mortality were

sufficiently high to have caused an overall population decline in central California by 1989 (Barlow & Hanan, 1995).

A monitoring program was initiated in 1986 to assess population status and trends of California harbor por-

poises (Forney et al., 1991). Aerial surveys were conducted annually from 1986 to 1991, biannually from 1993 to

1999, and every 3–5 years from 2002 to 2011. Genetic studies have revealed that there are multiple, genetically dis-

tinct populations off California (Chivers et al., 2002, 2007), and four distinct “population stocks” (henceforth,

“populations” for simplicity) are currently recognized for management under the U.S. Marine Mammal Protection Act

(Figure 2A-C; Carretta et al., 2019). The most recent abundance estimates, N, for these four populations (with popu-

lation names, abbreviations used in this paper, and coefficients of variation, CV) are: Morro Bay (MOR; N = 2,917,

CV = 0.44 during 2012), Monterey Bay (MRY; N = 3,715, CV = 0.51 during 2011), San Francisco-Russian River

(SFRR; N = 9,886, CV = 0.51 during 2007–2011), and Northern California-Southern Oregon (NCSO; N = 35,769,

CV = 0.52 during 2007–2011) (Carretta et al., 2019; Forney et al., 2014).

Between 2000 and 2017, additional aerial surveys were conducted within portions of central and northern

California to assess the abundance and distribution of leatherback turtles. These surveys were flown along adaptive

fine-scale transect lines, using the same data collection protocols and many of the same observers as the ongoing

harbor porpoise surveys. Combined, the two aerial survey data sets offer a unique opportunity to examine
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multidecadal population trends for each California harbor porpoise population, relative to the timing and intensity of

past gill net bycatch. In this study, we have conducted a trend analysis within a Bayesian hierarchical framework,

which allows us to efficiently integrate the different data sets. Past trend analyses for California harbor porpoise

were limited by low statistical power (Forney et al., 1991), whereas the Bayesian framework we apply here provides

greater power to detect marine mammal population trends, even for rare species such as beaked whales (Moore &

Barlow, 2013). Our goals are to (1) examine whether there is evidence for population recoveries in the three

populations that experienced historical bycatch, compared to the northern California population that did not experi-

ence such mortality; and (2) empirically estimate post-bycatch growth rates, to increase our understanding of recov-

ery capabilities and time-frames for this small cetacean species.

2 | METHODS

2.1 | Field methods

Survey effort along transects established to estimate harbor porpoise abundance and trends included a full series of

replicated flights during 1986–1991, 1993, 1995, 1997, 1999, 2002, 2007 and 2011, and partial coverage during

leatherback surveys during 2001, 2003–2006, and 2008–2017. These survey data were augmented with separate

data from annually variable fine-scale surveys conducted during 2000–2017 in support of leatherback turtle and

other harbor porpoise studies. All flights used the same data collection protocols, as described in Forney et al. (1991),

with a few minor modifications. Dedicated harbor porpoise surveys were flown in a high-wing, twin-engine

Partenavia P-68. Leatherback surveys were flown either in the same Partenavia aircraft or, in some years, a NOAA

Twin Otter aircraft. All aircraft were outfitted similarly with lateral bubble windows and a belly viewing port, to

accommodate two side observers and one belly observer. A data recorder documented information on survey condi-

tions and sighting details. During 1986–1987, information was recorded on paper data sheets; beginning in 1988, all

data were recorded into a laptop computer using custom survey software. Surveys were flown at 198–213 m alti-

tude and 166–185 km/hr airspeed, from August 15 to November 15 of each year when weather conditions were

forecast to be good (clear or mostly clear skies, light winds).

F IGURE 1 History of estimated harbor porpoise bycatch and set gill net fishing effort off central California, by
porpoise population region. No commercial set gill net fishing has been allowed north of the Sonoma-Mendocino County
line since at least 1915. Sources: Barlow & Forney (1994); Barlow & Hanan (1995); Carretta (2001, 2002); Carretta &
Chivers (2003); Diamond & Vojkovich (1990); Forney et al. (2001); Hanan et al. (1991); Konno (1991); Perkins
et al. (1994); Wild (1990). In those studies, fishing effort was estimated from logbook data, and total porpoise bycatch
was estimated by multiplying total effort times porpoise bycatch rates calculated from a subset of observed fishing trips.
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Off California, harbor porpoises are primarily found in waters shallower than 92 m (50 fathoms) water depth

(Forney et al., 2014), and the long-term harbor porpoise aerial survey transects (HPAS) followed a zig-zag pattern

from the coast to the 92-m isobath (Figure 2a–c). Surveys were replicated up to 4–7 times during each full harbor

porpoise survey year (except the areas north of the Russian River, which were only surveyed from 1989 onward).

Leatherback surveys were conducted along portions of the same HPAS lines (Benson et al., 2007), and on adaptive,

fine-scale east–west lines in areas where leatherback turtles and/or leatherback prey (Scyphomedusae) were

encountered (Figure 2b–d) during 2000–2017.

2.2 | Data processing

We filtered the survey data to include only good weather conditions, defined as Beaufort sea states 0–2 and less

than 25% cloud cover, before deriving transect-specific kilometers flown, number of porpoise sightings, and number

of porpoises seen. Perpendicular sighting distances were extracted for all sightings, along with potential covariates

F IGURE 2 Summary of 1986–2017 aerial survey effort (black lines). Top panels: 1986–2017 harbor porpoise
aerial surveys within the range of the (a) Morro Bay and Monterey Bay stocks, (b) San Francisco-Russian River stock,
and (c) northern California portion of Northern California-Southern Oregon stock. Bottom panels: fine-scale survey
effort within the range of (d) Morro Bay stock (flown in 2012), (e) Monterey Bay stock (2001–2013), and (f) San
Francisco-Russian River stock (2002–2017). The light gray shaded area represents the survey area from coast to the
92-m isobath. In panels a–c, the individual transect strata defined for our analyses are labeled by transect number
and separated by gray lines between transects. Area sizes for all strata are provided in Table S1.
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(sea state, glare, aircraft type, and group size). Each HPAS transect was considered to represent an along-shore stra-

tum (Figure 2a–c). The adaptive fine-scale transects (Figure 2d–f) were assigned to the stratum within which they

were located to allow the surveys to be combined into a single analysis. Any fine-scale effort that extended beyond

the stratum boundaries was truncated.

2.3 | Bycatch and postbycatch periods

Based on independent bycatch estimates derived from fishing effort data and bycatch rates documented in observed

gill and trammel net sets (Barlow & Forney, 1994; Barlow & Hanan, 1995; Carretta, 2001, 2002; Carretta &

Chivers, 2003; Diamond & Vojkovich, 1990; Forney et al., 2001; Hanan et al., 1991; Konno, 1991; Perkins et al., 1994;

Wild, 1990), the largest reduction in harbor porpoise bycatch occurred at the beginning of our population monitoring

period in 1986–1987 (Figure 1). This reduction was a consequence of regulations implemented to protect seabirds and

southern sea otters, Enhydra lutris (Wild, 1990). However, subsequent smaller reductions in bycatch also occurred dur-

ing 1988–2003, and these were used to define distinct periods with extensive bycatch, low-moderate bycatch, or no

bycatch for each region. For the Morro Bay population, gill net bycatch of harbor porpoises was mostly eliminated by

1991, when set gill net fisheries were prohibited in waters shallower than 56 m (30 fm) and fishing effort dropped by

nearly 95% compared to the early 1980s (Figure 1). However, some estimated bycatch continued through late 2002,

when set gill net fishing was permanently prohibited in waters shallower than 110 m (60 fm) off central California.1 In

the Monterey Bay region, a series of regulations restricting set gill nets in waters shallower than 27–37 m (15–20 fm)

water depth caused fishing effort dropped by about half in 1987. However, harbor porpoise bycatch continued at mod-

erate to high levels through 2000 (Figure 1), when a series of emergency closures were enacted. Gill net bycatch of

harbor porpoises in the Monterey Bay Region was fully eliminated in 2002 when set gill net fishing was permanently

prohibited in waters <110 m (60 fm; see Endnote 1). For the San Francisco-Russian River population, gill net and tram-

mel net fishing was fully eliminated during 1987 because of concern over seabirds in that region (Wild, 1990).

Based on the above periods with greater harbor porpoise bycatch vs. little or no bycatch, we considered sepa-

rate growth rates before and after 1991 and 2003 for MOR, and before/after 2000 and 2003 for MRY. For SFRR,

we evaluated growth rates separately for 1986–1987 and 1988 onward. Porpoises in northern California were

never exposed to commercial gill net fisheries, so a single growth rate was estimated in this region (noting that this

population also ranges into southern Oregon, for which we did not have comparable survey data).

2.4 | Analytical methods

We conducted the trend analysis within a Bayesian hierarchical modeling framework using Markov Chain Monte

Carlo (MCMC) simulations in R (v. 3.1.3; R Core Team, 2015) and OpenBUGS (v. 3.22; Lunn et al., 2009). The full

model included a process model for population growth and an observation model of the distance sampling detection

process during our surveys (Buckland et al., 2001). The approach is based on analyses of several California Current

cetacean stocks conducted by Moore & Barlow (2011, 2013, 2014).

2.4.1 | Process model

For each harbor porpoise population, a Markov process model for population growth was specified as:

Nt = Nt − 1 × exp(r + εt) × Sp

εt � Normal(0, σ2process),
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where Nt is porpoise abundance in year t; r is the expected annual rate of change for a population growing at its max-

imum potential rate (e.g., density-independent condition); Sp is the bycatch survival rate for porpoises in period p,

i.e., 1 − the probability of dying from bycatch (with S1 and S2 representing this survival rate during and after the

high-bycatch period, respectively); and εt is process error, assumed to be normally distributed on a log scale with a

mean of zero and variance σ2process. Process variance is contributed by both demographic and movement processes.

We set S2 = 1, as this parameter is not separately estimable from the data. Thus, we make the model assumption that

bycatch mortality does not occur during the low/no-bycatch period, though in reality some small level of bycatch

mortality might occur. This implies that S1 is in fact the survival relative to the true unknown S2, and that r is the max-

imum potential growth rate discounted by the true unknown S2. A density-dependent model was also attempted but

would not converge for any stock (i.e., the simulations did not update and ran indefinitely); this is not entirely surpris-

ing, given that the aerial survey data do not contain information that would uniquely resolve the interlinked parame-

ters r, N, and K.

The mean rate of actual population change during the course of the study differs from r. This realized mean

annual growth rate for each time period, λp, was estimated as the geometric mean of the annual population changes,

i.e., of the λt(p) = Nt(p)/Nt(p) − 1. The posterior distribution for λ2 − λ1 was used to probabilistically assess support for a

change in growth rates between the two periods.

Animal density is Dt = Nt/A, where A is the size of the total study area for each population (Table 1). However,

density varies across space (strata) and—for purposes of linking the process and observation models—this must be

modeled in the current analysis, because weather constraints resulted in uneven sampling of the within-population

strata across years. Let the density of porpoise in stratum i at time t be thus described by: Di,t = Dt * ci. The stratum

effect multiplier ci was treated as a constant through time, implying that certain strata have persistently higher

mean densities (better habitat) than others. Annual departures from this expectation were handled by allowing for

overdispersion in the observation model below. We also defined stratum-area weights wi = ai/A, where ai are the

stratum areas, to allow estimation of the ci (Table S1). The ci*wi must sum to 1, so that overall density for the study

area equals the area-weighted average of the stratum densities, i.e., Dt =
P

iDitai/A =
P

iDtciwi. Also note that ci

must be less than or equal to its respective 1/wi because if any ci = 1/wi this implies that all animals in the popula-

tion are in this single stratum. These constraints are important when specifying Bayesian priors for the ci.

2.4.2 | Observation model

The observation model links the above process to the observed data, namely the counts of porpoises

within each year and stratum. Following a distance sampling approach, the expected porpoise counts,

E[ni, t] = μi,t, are:

E[ni,t] = μi,t = 2 × Li,t × ESW × g(0) × Di,t

where Li,t are the lengths of transect line (kilometers) surveyed within the strata, g(0) is the probability of detecting a

porpoise group that is on the transect line, and ESW is the effective strip half-width (kilometers). ESW was estimated

from the porpoise observation data using Distance 6.2 (Thomas et al., 2010), evaluating both conventional and mul-

ticovariate approaches to include potential weather and aircraft-type covariates. The detection function that mini-

mized AIC was selected for subsequent analyses and included as an informative prior with a normal distribution in

the model. The probability of detecting animals on the transect line, g(0), was taken as 0.292 (CV = 0.366) from a

study by Laake et al. (1997) that included both availability and perception bias. In our analysis, g(0) was specified

using a beta distribution corresponding to these values (alpha = 4.993, beta = 12.107).
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The observed porpoise counts, ni,t, were assumed to be negative binomially distributed using a Poisson-gamma

specification:

ni,t � Poisson(μi,t × ρi,t),

ρi,t � gamma(α, α).

TABLE 1 Summary of combined 1986–2017 survey effort (km), numbers of porpoises recorded (# porp.), and
area sizes (km2), by harbor porpoise population region. Northern California represents only the California portion of
the Northern California–Southern Oregon population (Carretta et al., 2019).

Morro Bay
population

Monterey Bay
population

San Francisco-Russian River
population

Northern
California

Area size (km2) 1,848 1,195 3,639 3,559

Year km # porp. km # porp. km # porp. km # porp.

1986 919 56 379 37 409 54 — —

1987 1,000 30 353 32 225 5 — —

1988 471 6 366 18 491 65 — —

1989 445 12 386 71 418 42 240 27

1990 1,010 20 351 50 547 55 525 227

1991 567 12 297 59 198 10 408 149

1992 — — — — — — — —

1993 1,105 17 677 67 919 92 631 196

1994 — — — — — — — —

1995 827 30 603 119 678 68 304 144

1996 — — — — — — — —

1997 1,276 59 671 131 733 136 530 214

1998 — — — — — — — —

1999 1,135 106 525 69 922 200 669 319

2000 — — 62 7 142 36 — —

2001 — — 980 176 343 51 — —

2002 1,312 120 1,699 423 2,044 540 350 97

2003 — — 1,884 593 1,642 426 — —

2004 — — 2,611 914 2,132 727 — —

2005 — — 990 339 660 540 — —

2006 110 14 776 119 1,639 480 — —

2007 517 96 821 234 1,143 146 320 193

2008 76 17 541 88 1,214 320 24 —

2009 — — 594 202 1,572 356 — —

2010 — — 450 173 173 34 — —

2011 542 68 1,396 473 974 185 390 179

2012 1,406 238 372 120 277 34 — —

2013 — — 488 202 1,174 141 — —

2014 — — — — 319 72 90 18

2015 — — — — — — — —

2016 — — — — 1,442 262 288 61

2017 — — — — 978 187 — —
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2.4.3 | Priors and estimation

For the process model, we used the following uniform priors: r � Uniform(0.00, 0.15); σp � Uniform(0, 1). Initial pop-

ulation sizes were specified as N0 � Uniform(0, 10,000), except for the larger northern California population, for

which we specified N0 � Uniform(0, 40,000). [Note: we also evaluated alternate, nonuniform priors, and results were

virtually identical, so we retained the simpler uniform specification for the analysis.] Prior specifications for the ci

were more complex, to conform to the constraints described above:

c1 � uniform(0, 1/w1)

ci �uniform 0
1−
Pi−1

j =1cjwj

wi

 !
;

for i = 2, 3, … k − 1, where k is the number of strata.

ck =
1−
Pk−1

j =1 cjwj

wk

For the observation model, ESW was specified based on the estimated detection function (see Results below):

ESW � Normal(0.1603, 0.004). The negative binomial overdispersion parameter, α, was specified as α � Uniform(0, 10).

Analyses were conducted separately for each the four porpoise populations, because our model did not require

the estimation of any shared parameters, and this approach was computationally simpler for evaluating the different

bycatch change years for MOR and MRY. For each of the four porpoise populations, we used two MCMC chains of

10,000 samples, with a thinning rate of 100 to minimize autocorrelation in the samples and a 5,000 step burn-in.

Using this thinning rate, the effective sample size was 5,000 samples. Model convergence was ascertained visually

(when chains were clearly stable and well-mixed, and posterior distributions had smoothed), and using diagnostics

developed by Gelman and Rubin (1992) and Geweke (1992) using the R package coda. The Geweke method tests for

equality of the means of the first and last parts of a Markov chain, while the Gelman score provides a measure of

convergence (with scores in the 1.00–1.05 range indicating good convergence).

3 | RESULTS

Survey effort varied by year in each region (Table 1), with better coverage earlier in our study period for most areas.

Harbor porpoise sighting rates were spatially and temporally variable. The available time series spanned 1986–2012,

1986–2013, 1986–2017, and 1989–2016, respectively, for MOR, MRY, SFRR and the northern California portion of

NCSO. The detection function that minimized AIC was determined to be a simple half-normal function without

covariates, resulting in an estimated ESW of 160.3 m (SE = 4). In all four analyses, the MCMC chains achieved con-

vergence, as indicated by Gelman statistics within the recommended range of 1.00–1.05, and nonsignificant Geweke

scores for the abundance estimates. The resulting estimates of population growth rates (Table 2) and abundance are

summarized separately below for each harbor porpoise population. Posterior distributions for key parameters are

shown in the Supplementary Materials.

3.1 | Morro Bay population (MOR)

The analysis indicated very strong support (100% chance that λ1 < λ2) for a change in annual population growth rate

beginning in 1991 (when bycatch was mostly eliminated) with an estimated mean λ = 0.734 (SE = 0.076) during the
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bycatch period of 1986–1990 and λ = 1.096 (SE = 0.017) from 1991 onward. There was less support (78.9%) for a

change in growth rates beginning in 2003, when gill net bycatch was fully eliminated. Our analysis estimated a 99.9%

probability that the population declined during 1986–1990, when bycatch of harbor porpoises in gill nets was known but

virtually unmonitored. In contrast, the analysis indicated a 100% probability of population increase during 1991–2012.

The lowest estimated median abundance for MOR was estimated to be 571 porpoises, 95% credible interval (CI) [252,

2,666], CV = 0.585, during 1990. Abundance increased to an estimated 4,191 porpoises, 95% CI [1,900, 11,971],

CV = 0.561, during 2012, the most recent survey year. Combined, these results indicate a population decline during the

bycatch years of 1986–1990, and a dramatic recovery of the population during the subsequent two decades (Figure 3a).

3.2 | Monterey Bay population (MRY)

There was similar support for a change in population growth rates in 2003 (87.6%), when bycatch was fully eliminated,

compared to 2000 (86.2%), when bycatch was reduced. The mean annual growth rate estimates for the bycatch period

of 1986–2002 (λ = 1.016, SE = 0.019) was lower than for the postbycatch period (λ = 1.058, SE = 0.031), but both

periods exhibited positive growth, with a 98.8% chance of an increasing trend between 1986 and 2013 (Figure 3b).

The lowest estimated median abundance for MRY harbor porpoises was about 1,486, 95% CI [670, 4,233], CV = 0.548,

during 1987, while the most recent estimate during 2013 was 3,760 95% CI [1,686, 10,940], CV = 0.561.

3.3 | San Francisco–Russian River population (SFRR)

The analysis estimated a 98.9% probability that the growth rates differed before and after bycatch was fully elimi-

nated during 1987. There is a 98.4% probability that this population exhibited a year-over-year decline between

1986 and 1987 (λ = 0.548, SE = 0.186), followed by 97.1% certainty that the annual population growth rate became

positive (λ = 1.025, SE = 0.012). The lowest estimated median abundance for SFRR harbor porpoise was about

2.957, 95% CI [1,233, 9,048], CV = 0.622, during 1987. The population then appeared to increase to a peak esti-

mated abundance of 13,530, 95% CI [6,215, 39,554], CV = 0.653 during 2005 before stabilizing at a lower abun-

dance of about 7,000–8,000 during 2007–2017. The most recent estimate is 7,777, 95% CI [3,440, 22,610],

TABLE 2 Survey years for bycatch and postbycatch periods in each harbor porpoise population, with estimated
annual population growth rates (λ) and associated standard error (SE) and 95% credible interval (CI), by bycatch
period.

Population Bycatch period No/low bycatch period

Morro Bay Years 1986–1990 1991–2012

λ 0.734, SE = 0.076, 95% CI [0.596,

0.893]

1.096, SE = 0.017, 95% CI [1.062,

1.130]

Monterey Bay Years 1986–2002 2003–2013

λ 1.016, SE = 0.019, 95% CI [0.975,

1.054]

1.058, SE = 0.031, 95% CI [0.998,

1.124]

San Francisco-Russian

River

Years 1986–1987 1990–2017

λ 0.548, SE = 0.186, 95% CI [0.281,

0.969]

1.025, SE = 0.012, 95% CI [0.9992,

1.048]

Northern California Years 1989–2016

λ 1.018, SE = 0.017, 95% CI = [0.987,

1.055]
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CV = 0.620, during 2017 (Figure 3c). Given the leveling off of this population during 2006–2017, we conducted an

additional simulation to estimate the growth rate during peak growth years (through 2005), yielding λ = 1.061

(SE = 0.021) as a maximum realized rate of growth.

3.4 | Northern California-Southern Oregon population (NCSO)

The surveys represented in this study only included the northern California portion of the currently designated

Northern California-Southern Oregon population, so the estimated trends are only for a subset of this population's

described geographic range. Although there is considerable uncertainty in the abundance estimates for northern Cal-

ifornia because of the limited survey effort in this region (Table 1), our analysis suggests a mostly stable population

size of about 10,000–20,000 porpoises (Figure 3d). The overall annual population growth rate was estimated to be

slightly positive, with λ = 1.018 (SE = 0.017), and an 85.1% probability of increase between 1989 and 2016. The most

recent median abundance estimate was 12,160, 95% CI [4,471, 38,561], CV = 0.663 during 2016 (Figure 3d).

4 | DISCUSSION

The trends identified in this analysis are consistent with the existence of prior bycatch impacts on harbor porpoises

off California, continued impacts on some populations early in our monitoring period, and a subsequent recovery of

all three harbor porpoise populations exposed to gill net fisheries. In particular, the results of this trend analysis

strongly suggest that the Morro Bay harbor porpoise population was more severely impacted prior to the 1980s than

previously recognized. When gill net fishing effort was reduced to low levels in 1991, this harbor porpoise popula-

tion was estimated to include only about 570 porpoises, but it has since rebounded to about 4,200 individuals.

F IGURE 3 Population trends for harbor porpoises belonging to (a) Morro Bay, (b) Monterey Bay, (c) San
Francisco-Russian River, and (d) Northern California-Southern Oregon stocks recognized under the Marine Mammal
Protection Act (Carretta et al., 2019). Estimates represent median abundance (with 95% credible intervals) for years with
survey effort (solid symbols) and without survey effort (open symbols). Shaded bars along the x-axes reflect the relative
level of bycatch during each period: high bycatch (black), low-moderate bycatch (dark gray), or no bycatch (light gray).
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Although there are opportunistic records of porpoise mortality in gill nets going back as far as the 1950s (Norris &

Prescott, 1961), gill net fisheries that had potential to kill porpoises were not systematically monitored in this region

until the early 1990s (Julian & Beeson, 1998). Given the large population increase after set gill net fishing was mostly

eliminated in 1991, it is likely that unmonitored fisheries had a dramatic adverse impact on the Morro Bay population

before monitoring of harbor porpoise began in 1986 (Diamond & Vojkovich, 1990). This population appears to be

isolated from the Monterey Bay population by a section of coastline along Big Sur that has very steep bathymetry

and little shallow-water habitat, and where very few porpoises have been recorded during our multidecadal aerial

surveys. The estimated Morro Bay population growth rate during the postbycatch period, 9.6% per year, is very simi-

lar to the maximum possible growth rate of 9.4% estimated by Barlow & Hanan (1995) based on plausible life history

parameters, despite some low levels of continued bycatch until 2002. To our knowledge, this represents the first

time that a maximum net productivity rate has been estimated empirically for any harbor porpoise population in the

world.

Population trends for the other three harbor porpoise populations are less clear. There was moderately strong

support for a change in population growth rates for the Monterey Bay population associated with the end of gill net

bycatch in 2003, and the estimated annual population growth rate after 2003 was 5.8% per year—much lower than

for Morro Bay. This could suggest that (1) the population was not as heavily depleted by pre-1986 gill net bycatch;

(2) the population had already partially recovered during the period of lower bycatch during the early 1990s

(Figures 1 and 3), resulting in a slower growth rate after gill nets were fully eliminated in 2003; (3) there have been

continuing factors slowing population recovery; (4) the intrinsic net productivity rate of this population is lower than

for the Morro Bay population, or (5) the true growth rate was similar (e.g., λ = 1.08) but there is error in the esti-

mates, as illustrated by the overlapping credible intervals (Figures S1a and S2a). The high documented levels of

bycatch during the 1980s (Barlow & Hanan, 1995) make (1) unlikely, but continued fishery-related strandings of har-

bor porpoises, as well as fatal attacks on porpoises by bottlenose dolphins (Cotter et al., 2012; Wilkin et al., 2012)

could have contributed to (3). The results of our analysis appear most consistent with (2), as the abundance estimates

in Figure 3b show a slight population increase during the early 1990s, followed by leveling off during the period of

greater bycatch in the late 1990s and then a more rapid growth after gill net bycatch was fully eliminated in 2003.

Trends for the San Francisco-Russian River population (Figure 3c) initially are similar to those for Morro Bay

population, showing a decline followed by rapid postbycatch population growth between 1988 and 2005. After

2005, however, the population appears to level off at a slightly lower abundance (but with wide credible intervals)

that is relatively stable through the end of our surveys in 2017. Given the large uncertainty in our abundance esti-

mates during 2002–2007, it is plausible that the apparent peak and decline was caused by high sampling variation

during the years when the population stabilized following a period of growth after 1988. Alternately, if this popula-

tion decline is real and not artifact of the large uncertainty in our estimates, potential causes could include (1) unusual

ocean conditions documented during 2005 (Petersen et al., 2006); (2) a change in the distribution of porpoises that

would make them less likely to be sampled during our surveys; or (3) a population decline caused by other, unknown

natural or anthropogenic factors. An offshore distribution shift is unlikely, as we have rarely encountered harbor por-

poises in waters deeper than our study area during 2005–2016 fine-scale leatherback surveys that extended farther

offshore (Benson et al., 2020). Beginning in 2009, however, hundreds of porpoises have regularly been seen in San

Francisco Bay after decades of absence (Stern et al., 2017), and it is possible that a shift in their distribution towards

the bay could have affected the number of animals available for detection along the outer coast transect lines in this

region. A coordinated survey of both outer coast and inner bay waters could help resolve whether the population

abundance has indeed changed. Further, although genetic differences were detected between the MRY and SFRR

populations (Chivers et al., 2002, 2007), the precise boundary between these populations was inferred to be within a

low-density density region because of sparse sampling. As a result, some interchange of animals across this boundary

is possible, which could potentially confound our trend analysis.

Abundance patterns for harbor porpoises off northern California suggest a stable population, consistent

with our a priori expectation, given the absence of past commercial gill net bycatch. However, there is large
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uncertainty in our estimates because of the low level of survey coverage in this area. Furthermore, genetic stud-

ies indicate that this population extends into southern Oregon (Chivers et al., 2007), and potential movement of

individuals between Oregon and California could increase year-to-year variation in our northern California

survey results.

Although statistical power to detect trends has historically been challenging for harbor porpoise along the

U.S. West Coast (Forney, 1999; Forney et al., 1991), our analysis that combined different data sets within a

Bayesian hierarchical framework enabled us to identify trends for four harbor porpoise populations relative to

past gill net bycatch within each population's range. The results of this study confirm that harbor porpoise

populations can recover if anthropogenic impacts are eliminated, but recovery takes many years or decades,

underscoring the importance of long-term monitoring. Large adverse impacts on harbor porpoise populations

can happen over relatively short periods of time, particularly in areas of continued gill net fishing or other activi-

ties known to affect harbor porpoises adversely, such as anthropogenic noise (e.g., Carstensen et al., 2006;

Dähne et al., 2013; Forney et al., 2017; Lucke et al., 2009; Pirotta et al., 2014; Teilman & Carstensen, 2012;

Thompson et al., 2013; Tougaard et al., 2009). Ongoing population monitoring, coupled with analytical

approaches that maximize our ability to assess potential anthropogenic impacts and population trends, are

essential for ongoing management of vulnerable coastal small cetaceans, such as the harbor porpoise. Our find-

ing that three harbor porpoise populations did indeed recover when bycatch was eliminated or reduced gives

hope that other depleted small cetacean populations worldwide can also recover if management actions are

successful at mitigating anthropogenic impacts.
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