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Red tree corals (Primnoa pacifica) are abundant in the eastern Gulf of Alaska, from
the glacial fjords of Southeast Alaska where they emerge to as shallow as 6 m, to the
continental shelf edge and seamounts where they are more commonly found at depths
greater than 150 – 500 m. This keystone species forms large thickets, creating habitat
for many associated species, including economically valuable fishes and crabs, and
so are important benthic suspension feeders in this region. Though the reproductive
periodicity of this species was reported in 2014 from a shallow fjord (Tracy Arm),
this study examined reproductive ecologies from 8 sites – two within Glacier Bay
National Park and Preserve, three on the continental shelf edge, one within Endicott
Arm (Holkham Bay) and two time points from the Tracy Arm (Holkham Bay) study.
Male reproductive traits were similar at all sites but there were distinct differences in
oogenesis. Though per polyp fecundity mostly showed no significant difference between
sites, there was a non-significant trend of increasing number of oocytes with depth. In
addition, the average oocyte size from Tracy Arm (the shallowest site) was 105 µm,
whereas from Shutter Ridge (one of the deepest sites) the average size was 309 µm.
Moreover, the maximum oocyte size at Endicott Arm was 221 µm and at Tracy Arm was
802 µm (both shallow sites), whereas at Dixon Entrance (a deep site) it was 2120 µm,
a difference not usually observed within a single species. We propose two theories to
explain the observed differences, (a) this species shows great phenotypic plasticity in
reproductive ecology, adjusting to different environmental variables based on energetic
need and potentially demonstrating micro-evolution; or (b) the fjord sites are at a
reproductive dead end, with the stress of shallow-water conditions effectively preventing
gametogenesis reaching full potential and likely limiting successful reproductive events
from occurring, at least on a regular basis.

Keywords: octocoral reproduction, oocyte sizes, deep-sea corals, deep-water emerged, glacial fjords,
Primnoidae, poecilogony
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INTRODUCTION

The family Primnoidae is one of the most abundant and
dominant octocoral families in the world, containing 233 valid
azooxanthellate species to date (Cairns, 2011). Species are found
in all ocean basins primarily in deep water (>100 m). They
are the most abundant corals in Alaska with 27 taxa confirmed
from the region (Stone and Cairns, 2017). Within the family
Primnoidae, the genus Primnoa Lamouroux, 1812 contains only
five valid species: P. resedaeformis (Gunnerus, 1763) from the
Atlantic, P. pacifica (Kinoshita, 1907) and P. wingi (Cairns and
Bayer, 2005) from the North Pacific, P. notialis (Cairns and Bayer,
2005) from the Subantarctic, and Primnoa bisquama (Taylor and
Rogers, 2017) from the Indian Ocean (Cordeiro et al., 2019).
Primnoa pacifica is one of the more well-known and studied
cold-water corals in the world. Growth rates (Andrews et al.,
2002; Aranha et al., 2014), reproduction (Waller et al., 2014),
effects of ocean acidification (Rossin et al., 2019), distribution,
ecology, and taxonomy have all been investigated (Krieger, 2001;
Krieger and Wing, 2002; Cairns and Bayer, 2005; DuPreez and
Tunnicliffe, 2011; Stone et al., 2014; Stone and Mondragon, 2018).
Primnoa pacifica is one of only a few species world-wide known
to display deep-sea emergence, a phenomenon where animal
populations primarily found in deep water are able to thrive in
much shallower water, likely due to unique conditions in these
rare locations (Stone and Mondragon, 2018).

Thickets of P. pacifica, also known as red tree corals, are
important elements of benthic ecosystems in Alaska and are
considered to be both ecosystem engineers (Jones et al., 1994),
and to exhibit keystone species characteristics (Power et al., 1996;
King and Beazley, 2005; Stone et al., 2014). Red tree corals are
slow growing with linear growth estimates of only 2.32 cm per
year (Andrews et al., 2002), yet may reach massive sizes up to
5 m in height and width (R. Stone, personal observations). These
thickets form important habitat for the myriad of associated
species including many of commercial importance (Krieger and
Wing, 2002; DuPreez and Tunnicliffe, 2011; Stone et al., 2014).
Their characteristics of large size, arborescent morphology, and
slow growth make them particularly vulnerable to anthropogenic
impacts, including interactions with fishing gear (Krieger, 2001;
Stone et al., 2014) but also global climate change (Stone and
Mondragon, 2018; Rossin et al., 2019). In June 2006 five small
areas (46 km2 in total) in the Gulf of Alaska were designated
as Habitat Areas of Particular Concern, prohibiting the use of
bottom contact gear to protect these important cold-water coral
ecosystems (Stone et al., 2014).

Given the ecological importance of this coral species and
in an effort to gauge its potential recovery from negative
effects of human activities, a study on the reproductive ecology
was undertaken in Tracy Arm fjord, Holkham Bay, Southeast
Alaska (Waller et al., 2014). The study examined a single
shallow-water (6–18 m depth) thicket and sampled 38 colonies
over a 16-month period (sampling every 3 months) to gain
insights into reproductive ecology, morphology, seasonality,
and reproductive responses to simulated fisheries damage.
The study found no reproductive differences in colonies that
underwent simulated fisheries damage (other than decrease of

total colony fecundity) but did provide important information
indicating size-dependent reproduction, asynchronous and
long duration of gametogenesis, presumed spawning behavior
and external fertilization, and probable lecithotrophic larvae
(due to large oocyte sizes). The results of this study led
Waller et al. (2014) to hypothesize that this population
showed highly sporadic recruitment events taking place in this
glacial fjord area.

Given that fisheries interactions with red tree corals most
commonly occurs in the deeper waters of the Gulf of Alaska
where the corals are far more abundant and ecologically
important (Krieger, 2001; Stone et al., 2014), this study had the
primary objective of examining P. pacifica reproductive ecology
from sites spanning broad geographical and depth ranges in the
eastern Gulf of Alaska, including sites at its more common depth
range of 150–200 m. This study also aimed to determine if the
findings of the Waller et al. (2014) fjord study could be applied to
deep water populations of this species.

MATERIALS AND METHODS

Sample Collection
Samples were collected from five new locations across
Southeastern Alaska (with one location, White Thunder
Ridge, in Glacier Bay National Park and Preserve (GBNPP),
sampled in both deep and shallow zones), and 2 months of
data from the Waller et al. (2014) study from Tracy Arm were
incorporated and reanalyzed, giving eight population data sets
(Figure 1 and Table 1). All samples in this study were collected
with either SCUBA or Remotely Operated Vehicles (ROV).
Subsamples of all specimens were sent to Dr. Stephen Cairns
at the U.S. National Museum of Natural History (Smithsonian
Institution) for morphological identification and to Dr. Cheryl
Morrison (U.S. Geological Survey) and were confirmed as
Primnoa pacifica. All collection details for samples used in this
study are in Table 1.

A standardized collection protocol was used for SCUBA and
ROV sampling. Depth was recorded for each colony sampled
and the height of each colony was measured in situ with
a meter stick (SCUBA) or with two parallel laser marks set
10 cm apart projected onto coral colonies (ROV). Approximately
4–10 cm of tissue was sampled from distal branch tips and placed
into individual collecting jars (SCUBA) or individual collecting
quivers [Remotely Operated Vehicle (ROV)], both capped after
collection. Samples were collected as branch tips near the
distal region of colonies only to allow for comparative analysis,
though previous study indicated no inter-colonial differences in
reproductive parameters (Waller et al., 2014).

Tracy Arm Fjord, Holkham Bay (TA)
Tracy Arm is the northern fjord of Holkham Bay, is up to
378 m deep and terminates in two tidewater glaciers (Sawyer and
South Sawyer Glaciers). The collection site for P. pacifica was
∼14.5 km from the head of the fjord (Waller et al., 2014), and on
a vertical wall composed of graywacke and granodiorite (Stone
and Mondragon, 2018). Colonies were found in small patches
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FIGURE 1 | The study area in the eastern Gulf of Alaska showing the six geographical locations where red tree coral samples were collected. Eight data sets were
generated from these six collection locations. Samples were collected in Glacier Bay at the same site (latitude and longitude) but at two distinct depth zones. At the
Tracy Arm site, samples were collected during two distinct seasons (June and January). Squares show areas of deep sites.

along the vertical walls, and the same colonies were tagged and
resampled six times in 16 months during a previous study (see
Waller et al., 2014 for collection methodology). For this current
study, June 2011 and January 2012 from Waller et al. (2014) were
chosen for analysis alongside the new data sets. June was chosen
for this analysis to best temporally match collections from the
other sites, while January was chosen as it showed the greatest
oocyte sizes from the Waller et al. (2014) study. Raw data were
taken from that manuscript and reanalyzed for this study.

Glacier Bay National Park and Preserve – White
Thunder Ridge (WTR-S and WTR-D)
White Thunder Ridge is located in Muir Inlet (or East Arm)
of GBNPP, and is a glacially cut, narrow fjord similar to Tracy
Arm, though is shallower at 240 m maximum depth. The
fjord terminates near the Muir Glacier that grounded in 1993
(Stone and Mondragon, 2018). The collection site for P. pacifica
is located 11.6 km from the head of the fjord (Stone and
Mondragon, 2018). Like Tracy Arm and Endicott Arm, all corals
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TABLE 1 | Sample collection details for each site ordered by shallowest to deepest (top).

Collection Collection Depth (m) Height of Bottom Temp.
Colonies, (cm)

Site Month/Year Method Minimum Maximum Minimum Maximum Mean (◦C)

Tracy Arm Fjord June 2011 SCUBA 10 17 42 162 3.78

Tracy Arm Fjord January 2012 SCUBA 10 17 42 162 5.11

GBNPP - White Thunder Ridge, Shallow March 2016 SCUBA 15 21 27 160 5

Endicott Arm June 2014 SCUBA/ROV 14 40 20 150 4.55

Fairweather Ground August 2013 ROV 140 156 26 123 6.33

GBNPP - White Thunder Ridge, Deep March 2016 ROV 145 170 10 180 6.01

Shutter Ridge August 2013 ROV 162 223 25 181 5.43

Dixon Entrance June 2015 ROV 160 340 36 250 5.62

Total Reproductive Status Sex % Non-Repro Height (cm)

Site Colonies Male Female Non-Repro Ratio (M/F) Non-Repro Minimum Maximum

Tracy Arm Fjord 38 17 20 1 1:1.18 2.63 42 42

GBNPP - White Thunder Ridge, Shallow 30 3 15 12 1:500 40.00 27 95

Endicott Arm 33 8 11 14 1:1.38 42.42 20 115

Fairweather Ground 50 15 23 12 1:1.53 24.00 26 85

GBNPP - White Thunder Ridge, Deep 31 13 10 8 1:0.77 25.81 10 80

Shutter Ridge 37 16 19 2 1:1.19 5.41 78 85

Dixon Entrance 31 15 14 2 1:0.93 6.45 36 99

Reproductive information for samples at each site (bottom). Temperature data from Waller et al. (2014) and Stone and Mondragon (2018) and from ROV data and
represents mean temperature at time of collection at depth of collection.

were attached firmly to vertical walls (schist and plutonics) and
distributed in scattered patches (Stone and Mondragon, 2018).

Two distinct depth zones (hereafter referred to as sites) were
sampled at this location (Table 1) – one “Shallow” (less than 22 m
depth) and one “Deep” (greater than 145 m depth) along the
same location of the fjord wall (i.e., the deep collection was taken
directly below the shallow collection). All shallow samples were
collected with SCUBA and all deep samples were collected with
the ROV Kraken II (University of Connecticut).

Endicott Arm Fjord, Holkham Bay (EA)
Endicott Arm is the southern arm of Holkham Bay, is more than
350 m deep, and terminates in the tidewater Dawes Glacier. The
collection site for. P. pacifica is located 7.9 km from the head of
the fjord (Stone and Mondragon, 2018). Samples (∼8–10 cm)
were collected with SCUBA for depths less than 22 m, or with
an ROV Phantom XTL (Deep Ocean Engineering, San Jose, CA,
United States) at depths greater than 23 m.

Gulf of Alaska – Fairweather Ground (FW), Shutter
Ridge (SR) and Dixon Entrance (DE)
Three sites on the continental shelf edge in the eastern Gulf
of Alaska were sampled based on knowledge from previous
studies (Krieger, 2001; Krieger and Wing, 2002; Stone et al.,
2014; Masuda and Stone, 2015; Table 1). Fairweather Ground
is a large offshore shoal on the outer edge of the continental
shelf in the northeastern GOA (Figure 1) and has complex
bathymetry and highly varied seabed geological features (Stone
et al., 2014). Shutter Ridge is located on the continental shelf
28 km west of Cape Ommaney, Baranof Island, and is a bedrock

ridge of complex pinnacles (Stone et al., 2014). Dixon Entrance,
the southernmost site, is a deep glacially scored basin separating
northern British Columbia, Canada and Southeast Alaska (Barrie
and Conway, 1999). The basin is littered with many glacial
erratic boulders (i.e., dropstones) and bounded in many places
by glacially scoured bedrock (Barrie and Conway, 1999).

All samples from the Gulf of Alaska were collected using
ROV H2000 (Deep Ocean Exploration and Research) in 2013 and
ROV Zeus II (Pelagic Research Services) in 2015. Small pieces
(∼10 cm) were collected from intact, healthy colonies.

Histological Processing
Methods followed those of Waller et al. (2014) to ensure
comparability across the data sets. As soon as samples from all
locations were brought to the surface, they were immersed in
10% borax-buffered formalin for 24–48 h and then washed and
stored in 70% ethanol to ensure quality tissue preservation. All
samples were then shipped back to the Darling Marine Center
(University of Maine) for histological analysis. Three to five
polyps from each sample were then taken and decalcified in
Rapid Bone Decalcifier (Electron Microscopy Sciences), serially
dehydrated in a graded ethanol series, cleared with toluene and
then infiltrated in paraffin wax for 48 h at 56◦C. Wax blocks were
then serially sectioned at 5 microns on a Leica RM2235 rotary
microtome, leaving 90 microns between slides. This distance has
been determined to be the nuclear diameter (Waller et al., 2014;
Rossin et al., 2019), and thus provides adequate distance between
sections allowing for accurate imaging of all oocytes within a
polyp and prevents double counting when calculating fecundities.
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Sections were then stained using either Masson’s trichrome
or Hematoxylin Eosin stains (using standard procedures) and
cover-slipped. Slides were observed under an Olympus CX21
microscope with Moticam 5 camera attachment (Motic Optical).
Colonies were categorized as male, female or non-reproductive
(i.e., absence of gametes). Non-reproductive samples were then
re-processed from the original tissue, taking another 3 to 5 polyps
for additional observation and analysis. This process was repeated
three times until a total of at least 9 polyps had been examined
and either sex was determined or the colony was categorized as
non-reproductive.

Image Analysis
Microscope images were analyzed using ImageJ (NIH). Males
were observed and ∼100 haphazard spermatocysts staged and
recorded as in Waller et al. (2014) and Rossin et al. (2019).
Bar charts were constructed for each site (using averaged data)
showing percentage of each stage per site. For females, ∼100
haphazard oocytes were measured (measuring only oocytes with
a visible nucleus to prevent double-measuring) and oocyte size
frequency graphs for each colony were constructed using feret
diameters (the calculated diameter as if the oocytes were a
perfect circle). If the original three polyps did not yield ∼100
oocytes, more original tissue was reprocessed until either that
number was reached or tissue was used completely. Mean oocyte
sizes were also calculated and then data were averaged per
collection site. These three polyps per female had all oocytes
counted (counting only those with a visible nucleus) for per polyp
fecundity estimations.

Statistical Analysis
Statistical analysis of per polyp fecundity (i.e., all previtellogenic
and vitellogenic oocytes combined), oocyte diameter, and colony
size data were conducted using RStudio version 3.4.3 (R Core
Team, 2017) with the FSA [RW1] (v0.8.22, Ogle et al., 2018),
and car (Fox and Weisberg, 2011) packages. Distributions
and variances for each sample site were examined utilizing
the Shapiro–Wilk Test (Shapiro and Wilk, 1965) and Levene’s
Test (Levene, 1960), respectively. Following a logarithmic
transformation of the per polyp fecundity measurements, the
mean values for each of the eight sample sites were compared
using the Kruskal–Wallis Test (Kruskal and Wallis, 1952)
and Dunn’s post hoc test (Dunn, 1964). Calculated p-values
were adjusted using the Holm Method (Holm, 1979). Average
oocyte diameters for each of the eight sample sites were also
logarithmically transformed prior to being analyzed using the
same statistical framework. Following the results of the Shapiro–
Wilk Test, intra-site comparisons of per polyp fecundity and
oocyte diameters were conducted using the Wilcoxon Signed
Rank Test (Wilcoxon, 1945) for non-normal distributions, or
the one sample t-Test for normal distributions. Non- parametric
Friedman tests (SPSS 2012) were conducted on percentage of
spermatocyst stages in males, to test for synchronicity between
sites. A one-way ANOVA was conducted on size class data to
assess differences in size at onset of reproduction. Finally, linear
regression analysis was used to determine the effect of increasing
depth on average per polyp fecundity and colony size.

RESULTS

The reproductive morphology of all samples from all sites
followed Waller et al. (2014) closely. As in the previous
study, gametes were located within the eight mesenteries often
filling the gastrovascular cavity. No larvae were observed in
any samples examined and colonies sampled from different
sites (and depths) comprised similar size ranges (Table 1 and
Supplementary Figure S1).

All populations displayed gonochorism, with no
hermaphroditic colonies present in any of the 250 samples
examined (288 counting the second sampling of the same
Tracy Arm colonies). A total of 104 males, 132 females and 52
non-reproductive colonies were found in this study with sex
ratios close to 1:1 except for WTR-S which had a 1:5 sex ratio
(Table 1). A combined sex ratio for all datasets was 1:1.27. Sites
with the most non-reproductive colonies were EA and WTR-S
(42.4 and 40%, respectively) and the site with the fewest was TA
(2.6%). The largest non-reproductive colony was found at SR
(115 cm), and the smallest non-reproductive colony examined
was 20 cm (EA) (Figure 2). Sizes of reproductive colonies varied
per site (Figure 2) from 25 and 30 cm minimum (female and
male respectively) to a maximum size of 250 cm (for both female
and male). The average sizes across all sites were 52.96 cm
(SE 24.7) for non-reproductive, 87.77 cm (SE 45.09) for males
and 93.53 cm (SE 40.73) for females. There was no statistical
difference between sizes of non-reproductive colonies (for all
sites that had sufficient non-reproductive colonies for analysis,
i.e., WTR-S, EA, FW and WTR-D; p = 0.69334). There is no
difference in color or morphology between sexes or reproductive
and non-reproductive colonies.

Oocyte Sizes
In total 121 females were used for oocyte size analysis, and
approximately 100 haphazard oocytes per female were measured
for this study. All populations showed females with overlapping
oocyte cohorts, with both previtellogenic and vitellogenic oocytes
being present in each polyp (Figure 3). Although there was
variation in oocyte sizes between colonies at each site (Figure 4A,
also found in Waller et al., 2014), the average oocyte size for each
colony did not differ significantly from the mean oocyte diameter
for that site (P-values from 1–0.11 using either a one sample
T-test for normal distributions or the Wilcoxon Signed Rank test
for non-normal).

Oocyte sizes varied between sites (Figures 3, 4) with EA having
the smallest oocytes (average 85 µm, maximum 221 µm), DE
having the largest oocytes (average 220 µm, maximum 2120 µm)
and SR having the highest average oocyte size (310 µm).
Comparisons of the average oocyte diameters between sites
indicate that SR is significantly different from all shallow sites;
DE is significantly different from WTR-S; and FW and EA are
significantly different from each other (Table 2). All the shallow
sites had similar average oocyte sizes.

When analyzed by depth of sampling (Figure 4B) there is a
slight (R2 = 0.55) positive relationship (2nd order polynomial)
between average oocyte size and depth (Figure 4B). When
analyzed by colony height (Figure 4C), there is a weak linear
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FIGURE 2 | Boxplot of male, female and non-reproductive red tree coral colony sizes at each study site. Sites are arranged from shallowest (left) to deepest (right).
Circles represent outliers in the data.

FIGURE 3 | Oocyte size-frequency histograms for sampling sites in this study. Red lines indicate the mean oocyte size. Histograms are arranged from are arranged
from shallowest site (top left) to deepest site (bottom right). Scales are identical for each plot. N, number of colonies used; n, number of total oocytes counted.
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FIGURE 4 | (A) Oocyte size distribution for all females colonies at each study
site. Bars delineate the minimum and maximum oocyte size for each colony;
circles indicate mean oocyte size. (B) Average oocyte size plotted by location.
The trend line is a second order polynomial; (C) Average oocyte size plotted
by colony height for all females in this study. The trend line is linear. For (A,B),
sites are arranged from shallowest (left) to deepest (right).

relationship (R2 = 0.07) where larger colonies produce, on
average, larger oocytes.

Fecundity
Per polyp fecundity of separate colonies within a population
showed no significant differences from the site averages (P-values
from 0.99–0.56, using either a one sample t-test for normal
distributions or the Wilcoxon Signed Rank test for non-
normal distributions). There were, however, per polyp fecundity
differences between sites (Figure 5), with significant differences

observed between WTR-S and all sites except WTR-D and
EA and between EA and all sites except SR, WTR-D and
WTR-S (Table 2).

Average per polyp fecundities were: TA (June), 51.6 oocytes
per polyp (oop) (SE ± 15.5); TA (January), 55.7 oop (SE ± 14.5);
WTR-S, 6.1 oop (SE ± 3.7); EA, 9.7 oop (SE ± 4.2); FW, 44.0 oop
(SE ± 5.9); WTR-D, 23.1 oop (SE ± 4.8); SR, 37.8 oop (SE ± 8.4);
and DE, 49.6 oop (SE ± 8.3). Similar to Waller et al. (2014),
per polyp fecundity showed an increasing but non-significant
trend with size of colony (Figure 5B, R2 = 0.02), and a non-
significant trend of higher numbers of oocytes with increasing
depth (Supplementary Figure S1, R2 = 0.03).

Spermatocyst Stages
In total, we examined and staged approximately 100
spermatocysts for each of 107 male colonies. Similar
to Waller et al. (2014) males had overlapping stages of
spermatocysts at all locations (Figure 6), with all four stages
of spermatocysts frequently observed within the same polyp.
Though similarities in the percent frequency of stages (Figure 6)
was evident with location (FW, SR and DE) and with month
of collection (TA-January, WTR-S, and WTR-D), there were
no statistically significant differences between sample locations
(X2r = 0.32, P = 0.988).

DISCUSSION

The reproductive morphology of P. pacifica, as expected, did not
deviate from that found in Tracy Arm (Waller et al., 2014). The
previous study sampled 38 corals over a period of 16 months
(228 data points), whereas this study examined at 250 corals
(288 data points). Given that neither hermaphroditism nor larvae
were observed in any of the corals examined over these two
studies, we now report with confidence that the natural mode
of reproduction in this species (across different habitats) is
gonochoric broadcast spawning. Gonochorism is uncommon
within zooxanthellate corals (e.g., Richmond, 1997), but it is more
common in azooxanthellate deep-sea corals (e.g., Waller, 2005;
Kahng et al., 2011), and within the Primnoidae in particular
(Kahng et al., 2011; Waller et al., 2014; Feehan and Waller,
2015; Rossin et al., 2017). The Waller et al. (2014) study also
showed asynchronous timing of gamete maturation and release
between colonies within the Tracy Arm population (inferred
from disparate oocyte size frequency diagrams within a single
month, and the disappearance of larger cohorts of oocytes over
all months analyzed). The same variable patterns in oocyte size
frequencies within a single timepoint were observed at all sites in
this study, spanning broad geographical and bathymetric scales.
This suggests that timing of gametogenesis and spawning may
not be environmentally influenced (Eckelbarger and Watling,
1995) but may instead be a phylogenetically constrained
trait within this species (and potentially genus, e.g., data on
P. resedaeformis from the Atlantic shows similar asynchronicity,
Fountain et al., 2019). Though knowledge is limited, there
are other examples within corals where certain reproductive
traits are conserved with changes in depth and/or location
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TABLE 2 | Relationships between oocyte sizes and fecundity amongst sites.

TA June TA Jan WTR-S EA FW WTR-D SR DE

TA June 1 8 × 10−5 6.7 × 10−3 1 1 1 0.94

TA Jan 1 5.6 × 10−6 1.1 × 10−3 1 0.56 1 1

WTR-S 1 1 1 3.9 × 10−4 0.54 1.1 × 10−3 3.1 × 10−5

EA 1 0.47 1 0.021 1 0.07 3.2 × 10−3

FW 0.233 1 0.12 2.9 × 10−3 1 1 1

WTR-D 1 1 1 0.12 1 1 1

SR 1 × 10−3 2.2 × 10−2 2.3 × 10−4 1.1 × 10−6 1 1 1

DE 0.23 1 0.13 2.3 × 10−3 0.94 1 1

Top (gray) shows relationship between sites with regard to fecundity. Bottom (yellow) shows relationship between sites with regards to average oocyte feret diameters.
For both, red boxes indicate significant differences, and P-values reported are from Dunn’s post hoc test with Holm p-value adjustment.

(Richmond, 1987; Waller et al., 2002; Flint et al., 2007; Waller and
Feehan, 2013; Holstein et al., 2016; Prasetia et al., 2016).

Differences in the maximum height of non-reproductive
colonies were however observed across sites in this study
(Table 1 and Figure 2). The original study from TA reported
a size of 42 cm as the size of first gametogenesis (i.e.,
appearance of first gametes), however, that study only included
a single non-reproductive colony (Waller et al., 2014). Though
a systematic review of all colonies within a population is
not possible for these habitats due to logistical constraints,
a total of 43 non-reproductive colonies were sampled in
the present study, with a much broader size range than
expected (20–115 cm), and more than 50% of the non-
reproductive colonies were over the 42 cm threshold. Some
of the larger colonies may have been in poor condition
(e.g., a 90 cm coral from EA was noted as being “very
spindly”), suggesting that other external pressures may affect
the reproductive potential of colonies. There is also the
possibility that larger sections of corals may become senescent
for unknown reasons, and as just one area of each coral
was assessed for this study, this would have been missed.
Ecomorphs of P. pacifica have been reported from shallow
fjords that might represent colonies in poor health and
living at the edge of their physiological tolerance (Stone
and Mondragon, 2018), and thus this large non-reproductive
colony from EA might be such an example. It should be
noted however, that not all non-reproductive colonies showed
evidence of damage or stress (e.g., the 115 cm coral from
EA appeared to be healthy). Environmental stress has been
shown to reduce reproductive output in corals (Kojis and
Quinn, 1984; Tomascik and Sander, 1987) as limited energy
resources are allocated between base physiological processes
(e.g., reproduction, homeostasis and somatic growth) and
contending with stressors (e.g., predation, injury, sedimentation).
EA (42%, 115 cm) and WTR-S (40%, 95 cm) had the highest
percentage of and largest non-reproductive corals (Table 2).
These two sites are the shallow fjord sites closest to the
tide-water glaciers and the corals there would experience
higher seasonal oceanographic variability including temperature
(discussed below), heavy sedimentation from glacial meltwater,
and lowered surface salinity from heavy autumnal rainfall in

comparison to the more stable conditions at the deep-water sites
in the Gulf of Alaska.

The wide size range of non-reproductive colonies found in
this study brings into question whether a single size for the
onset of gametogenesis can be established for this species, and
whether it may vary between locations, as size is an important
species-specific reproductive characteristic. Corals are thought
to be at a reproductive advantage if they postpone the onset of
reproduction until they attain large size, as larger corals have been
shown to have lower mortality rates (Highsmith, 1982; Hughes
and Jackson, 1985; Hughes and Connell, 1987), have higher
colonial fecundities (Hughes and Cancino, 1985; Soong, 1992;
Waller et al., 2014), and potentially invest more in reproduction
than in growth that slows with age (Soong, 1992). Given there
was no significant difference in the size of non-reproductive
colonies between sites in this study (aside from potentially TA,
SR and DE which had too few colonies for analysis), this study
proposes the “average size of the onset of gametogenesis” would
be 53 cm. Axial (i.e., height) growth rates were estimated for
P. pacifica colonies from DE and ranged from 1.60–2.32 cm per
year (Andrews et al., 2002). Using this growth rate we estimate a
range of 23–33 years for age at onset of gametogenesis, adding
to previous work showing that this species is slow growing
(Andrews et al., 2002; Aranha et al., 2014), slow to reproduce
(Waller et al., 2014) and thus particularly vulnerable to both
anthropogenic and natural stressors.

The more unanticipated finding of this study was that
P. pacifica produces significantly larger oocytes at our deep sites
compared to our shallow sites. The average oocyte sizes from all
our sites (per colony) ranged from 85 – 310 µm, demonstrating
a nearly four-fold difference in average diameters (averaging
all oocytes regardless of vitellogenic state). However, when
taking into account only the most mature oocytes within the
colonies, the maximum oocyte sizes per colony show even larger
differences. The maximum oocyte diameter from EA was 221 µm
(the smallest maximum observed); 802 µm from TA (which was
more representative of our shallow sites) and 2102 µm from DE
(our largest deep site). This represents a nearly ten-fold difference
in oocyte sizes between EA and DE, and a nearly three-fold
difference between TA and DE. Though oocyte size differences
within a species have been reported (review in Jaeckle, 1995;
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FIGURE 5 | (A) Boxplot showing total fecundity by study site. Sites are arranged from shallowest (left) to deepest (right). (B) The relationship of fecundity and colony
height for all females in this study. Colors represent different locations and inset shows relationship for all colonies combined. The trend line is linear.
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FIGURE 6 | Percent frequency distribution of each spermatocyst stage (I-IV) for each study site. Sites are arranged from shallowest (left) to deepest (right).

Laptikhovsky, 2006) it is uncommon, and to our knowledge this
is the largest intraspecific variability in mean oocyte size reported
amongst any phylum. For example, George et al. (1990) examined
the sea urchin Arbacia lixula from two different populations
and found small but significant differences in mean oocyte
size (3.7 µm). Similarly, small differences in oocyte size have
been reported at small spatial scales for intertidal mussels from
California (Phillips, 2007), polychaetes from the Mediterranean
(Simonini and Prevedelli, 2003), bivalves from Florida (Barber
and Blake, 1983) and multiple species of echinoderms (reviewed
in George, 1996). Indeed many early reports of poecilogony (e.g.,
where a single species produces different oocyte sizes and/or
different larval types) were actually incidences of cryptic or
sibling species (i.e., multiple versus shared ancestors; Levin et al.,
1991; Knowlton, 1993; Levin and Bridges, 2001) and so this trait
is thought to be rare. Given that sibling species are relatively
ubiquitous across many marine phyla, including the Cnidaria
(reviewed in Knowlton, 1993), and can be morphologically
similar or even indistinguishable (Mayr and Ashlock, 1991), it
may be that P. pacifica contains morphologically similar sibling
species. Additional evidence, such as genetic or physiological
differences, may confirm this hypothesis.

Parental investment in producing larger oocytes does have
benefits including increased target size for successful fertilization
(Levitan, 2006) and increased potential fitness of offspring
(Smith and Fretwell, 1974; Hartmann et al., 2013). High
energy allocation to reproduction is usually a trade-off however,

since larger oocytes typically result in lowered fecundity
(Smith and Fretwell, 1974; Levitan, 2006). Yet in P. pacifica this
pattern was not observed. WTR-S and EA fecundities showed
statistical differentiation from most other sites, but were similar
to one another (Table 2), while TA polyp fecundities (in both
seasons) showed no statistical differences from the Gulf of Alaska
deep sites. All azooxanthellate corals (Waller et al., 2002; Flint
et al., 2007; Waller and Feehan, 2013) and most zooxanthellate
species (Richmond, 1987; Holstein et al., 2016; Prasetia et al.,
2016) studied to date display reduced fecundity with increasing
depth. However there are exceptions. Mesophototic populations
of the zooxanthellate scleractinian Orbicella spp. (Holstein
et al., 2015) has significantly greater per polyp fecundity than
populations at shallow depths. Holstein et al. (2015) suggest
that deeper waters at this location (US Virgin Islands) may
be less energy limited and more stable with less disturbance
and environmental stress than shallow ecosystems, allowing this
greater investment in numbers of oocytes.

For species within a genus, temperature is often implicated to
control changes in oocyte sizes - following both Thorson’s Rule
and Rass’s Rule – with oocyte size increasing with decreasing
temperatures (reviewed in Laptikhovsky, 2006; Moran and
McAlister, 2009). However the trend we see with P. pacifica
is a reversal of these theories, with the smallest oocytes being
seen in EA (4.55◦C) and TA (3.78◦C in June), and the largest
oocytes found at the Gulf of Alaska sites (FW, 6.33◦C; SR,
5.43◦C; and DE, 5.62◦C). Stone and Mondragon (2018) reported
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full-year temperature records for both Holkham Bay (TA, with
additional CTD measurements of Endicott Arm) and Glacier
Bay National Park and Preserve (East Arm, WTR-S) that show
similar seasonal patterns. Both sites cool through the summer
months (likely owing to glacial melt water) and are warmer
in the winter, though Tracy Arm is considerably cooler with
average temperatures of 4.4◦C compared to 6.4◦C at WTR-S, and
low temperatures near 3.5◦C in TA and near 4.8◦C at WTR-S
(Table 3, Stone and Mondragon, 2018). Similarly, temperature
probes deployed at FW and SR for a 1-year period (August 2013–
2014 – Table 3) show warming over the winter months and
cooling in the summer, but with temperatures in the cool periods
remaining higher than in the fjords (FW lowest at 5.57◦C in
May and highest at 7.18◦C in November; SR lowest at 5.30◦C
in August and highest at 7.65◦C in December). Overall the
deep sites experience temperature ranges up to 4◦C, whereas
the fjord environments only experience differences up to 3◦C
over the course of a year, indicating comparative stability in the
fjords, at least in terms of temperature. The effects of salinity on
reproduction of marine invertebrates have been less studied than
water temperature (see review in Moran and McAlister, 2009),
however, some crustaceans produce larger oocytes in estuarine
environments with lower salinity (Skadsheim, 1989; Gimenez
and Anger, 2001). The deep-water populations we studied are
well below the halocline year-round and in stable high-salinity
waters (range at time of sampling 33.17–34.08 psu) whereas
the shallow-water fjord sites are often above the halocline and
subjected to lower salinity during periods of high glacial melt
and rainfall (Waller et al., 2014; Stone and Mondragon, 2018).
The opposite trend to these studies (Moran and McAlister, 2009)
occurred in this study, however, where corals from the higher
salinity deep sites produced larger oocytes than their shallow-
water counterparts.

Food quality and availability are also frequently implicated as a
control for changes in oocyte sizes (George, 1996), and that could
to some degree explain our observations. In this study, larger
females from deeper locations produced larger oocytes (though
not statistically significant), and although food availability to the

TABLE 3 | Annual mean water temperature and range recorded at four sites in the
eastern Gulf of Alaska.

Temperature
(◦C)

Site Years Depth Mean Range Source
(m)

TA 2011–2012 15 4.4 3.1–6.1 Stone and Mondragon, 2018

WTR-S 2005–2006 18 6.4 4.5–7.8 Stone and Mondragon, 2018

FW 2013–2014 153 6.3 5.6–8.1 R. Stone, unp. obs.

SR 2013–2014 197 5.8 5.3–6.4 R. Stone, unp. obs.

Temperature was recorded with microprocessor-controlled loggers (Minilog 12-TR,
VEMCO, Bedford Canada or DST-CTD, Star-Oddi, Gardabaer, Iceland) deployed at
sites were red tree coral samples were collected for this study. Temperature values
are derived from daily measurements that were the average of four measurements
per day (every 6 h). Temperature values presented are for a one-year period (i.e.,
365 days). Temperature loggers had an accuracy of ±1◦C.

deep sea is usually regarded as limited compared to shallow-water
environments, the fjords present an entirely different ecosystem.
The fjord areas that were sampled for this study (WTR-S, WTR-
D, TA and EA) are all heavily glacially influenced sites, where
substantial sedimentation and strong stratification of the water
column can limit food availability (i.e., phytoplankton biomass)
in shallow waters (Etherington et al., 2007). This could be a
factor in the smaller oocytes observed in the fjords, however,
this strong stratification could also lead to increased food fall
to deeper areas, where vertically migrating plankton area may
be trapped deep and die off, and so we would have expected
to see more dissimilarity in oocyte sizes between WTR-S and
WTR-D, which was not observed. It should also be noted that
while it is generally regarded that larger oocytes represent a
higher maternal investment, and therefore higher energy content
and increased potential for reproductive success (Jaeckle, 1995),
McAlister and Moran (2012) found this not to be the case with
three genera of urchins. In that study, larger oocyte sizes did not
necessarily constitute more energy availability, and given food is
usually more limited at depth (Gage and Tyler, 1991) the larger
oocytes observed in this study may not be influenced by energy
availability for reproduction.

Waller et al. (2014) studied the same 38 colonies in Tracy
Arm for a 16-month period (6 individual time-periods, with
no intra-colonial differences), so the maximum oocyte size
observed during that period (802 µm) likely represents the
“real” maximum oocyte size for that site. Given the dynamic
environmental variability of glacial fjords corals might produce
larger oocytes during periods of more favorable conditions
that occur infrequently or even at decadal scales. These events
seem likely to be rare (given their absence over 16 months)
and may be associated with more permanent changes in the
fjord habitats (e.g., grounding glaciers). Indeed, the addition
of the WTR sites to this study provided comparisons of both
shallow and deep areas within the same fjord system, at the
same latitude and longitude, and at the same time period
(something not available from the Holkham Bay Sites). Results
from this study showed these two sites in GBNPP to have
statistically similar patterns of oogenesis, oocyte sizes, per polyp
fecundity and spermatogenesis (Figure 5). WTR-D colonies
did however, have higher per polyp fecundity than colonies
from WTR-S and given that size ranges of colonies were
similar at both depth zones at this location, and that there
is only a weak relationship with either height of colony or
depth with numbers of oocytes (Figure 5), we suggest that the
difference in oocyte numbers is due at least in part to more
favorable environmental conditions for reproduction at depth.
It should also be noted that in this study no intra-colonial
analysis was completed at our different sites due to logistical
constraints. Although no reproductive variability within colonies
was observed in the Tracy Arm study (Waller et al., 2014),
it is not unfeasible that in different locations there may be
differences in colony structuring with regards to reproduction.
Sampling just the distal tips, though standard across the sites,
may have therefore missed uneven distribution in reproductive
areas. Though this species has been shown to be asynchronous,
seasonal data from colonies in each location would be ideal to
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tease out patterns of spawning events as observed in Tracy Arm
(Waller et al., 2014).

The differences in oogenesis observed between sites for
P. pacifica are noteworthy and warrant further study. Certainly
the availability of food to the corals via flux of particulate organic
matter and consequent energy for reproduction is likely not equal
for all sites we investigated. Indeed, while red tree corals have
emerged to shallow depths in the fjords where oceanographic
conditions are favorable, they may be residing at the edge of
their physiological tolerances (Stone and Mondragon, 2018). The
fjord populations had the smallest oocytes and so may be stressed
beyond the limits of successful reproduction. Poecilogony, while
not previously reported for any species of coral worldwide, may
be a strategy that works for populations of P. pacifica. Though this
species does not appear to conform with the basic principles of
either Thorson’s or Rass’s rules of temperature dependence, there
may be other confounding environmental factors contributing
to the large range in oocyte size. What may have started as
simple phenotypic plasticity of reproductive characteristics (i.e.,
oocyte size), could now be leading to micro-, or even macro-,
evolution in these environments and eventually to speciation
(sensu Laptikhovsky, 2006). Given the environmental variability
between our locations, it is also plausible that episodic influxes
of larvae settled in the fjords as the glaciers retreated and habitat
became available, creating populations that then became isolated
over time from Gulf of Alaska populations, providing the setting
for allopatric speciation.

CONCLUSION

We studied the reproductive biology of Primnoa pacifica from
eight population data sets in the eastern Gulf of Alaska using
standardized laboratory methodology. To our knowledge, this
represents the broadest reproductive dataset for any single species
of cold-water coral in the world. The goal of this study was
to examine reproduction of this species across a gradient of
depth and associated environmental change and to observe
species-specific changes, or shifts, of reproductive ecology with
geographical location. We were able to compare our findings,
specifically regarding the timeline of reproductive events, with
those from a previous comprehensive study (Waller et al., 2014).
Our findings, however, were unexpected. Rather than finding
shifts in reproductive timing or per polyp fecundity (which
remained the same) we observed a nearly fourfold difference in
oocyte size, an observation both rare and to our knowledge never
reported in a single species and questions whether successful
fertilization is regularly occurring within the fjord populations.
We propose two possible interpretations for our findings –
(1) P. pacifica has high phenotypic plasticity with respect to
allocation of energy resources to oogenesis. This would allow this
species to utilize environments efficiently through poecilogony,
and raises questions about whether this truly represents an
evolutionary shift to a subspecies or sibling species. And (2)
the fjord populations are currently at a reproductive “dead
end.” Larvae have entered the fjords, settled successfully and
established populations, but are unable to attain sufficient energy

resources to produce optimum sized oocytes for successful
reproductive events to occur (or to occur regularly). Further
molecular genetics studies and detailed studies of seasonality
and larval morphology and dynamics are warranted to evaluate
which one of these interpretations is the most likely scenario for
these important keystone species, especially in an era of rapidly
changing climate and oceanography.
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