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Abstract

The average spatial distribution and interannual abundance patterns of the cladoceran Penilia avirostris
are described from samples collected in the waters of the US Northeast continental shelf ecosystem.
Integrated water column samples were collected with a bongo net from 1977-2009 on broad scale
surveys of the shelf conducted approximately every two months. Collections were also made with a
Continuous Plankton Recorder towed at 10 m depth along two routes; one that crossed the Gulf of
Maine (1961-2009), and the other from New York City south-eastward toward Bermuda (1976-2009).
P. avirostris was found to have a strong seasonal cycle in the southern half of the ecosystem. High
coastal concentrations suddenly appear there in July—August, forming distinct onshore-offshore
abundance gradients. The population slowly declines in the autumn months, essentially disappears
from the zooplankton community during winter, and does not return again until its abrupt appearance
in summer. Only low abundances in isolated patches were found in the northern half of the ecosystem
and in the slope waters sampled by the CPR. Both samplers showed that annual abundance levels were
variable with no long-term trend evident, nor were environmental measures or broad scale climate
indices correlated to these variations. The cladocerans’ summer population surge was significantly
correlated with surface temperature and water column stratification indices. This is the first study to
record the presence of P. avirostris in the Gulf of Maine region.
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Introduction

The marine cladoceran Penilia avirostris is seasonally
abundant and distributed worldwide in the waters of
tropical and subtropical oceans. Due to parthenogenetic
reproduction and short generation times, P. avirostris
populations can exhibit explosive growth and quickly
eclipse the seasonal numbers and biomass of copepods
that are usually more common in the same ecosystems.
The cladoceran can persist year round in tropical waters,
while it occurs seasonally in more temperate regions. The
temperate populations will switch from parthenogenetic to
sexual reproduction under adverse conditions, eventually
producing resting eggs which sink to the bottom and
hatch when conditions are more favorable again. Of
the eight cladoceran species that have colonized the
marine environment, P. avirostris is unique in that it is
the only filter-feeder. This allows it to consume a wide
range of prey size (Atienza et al., 2006), from minute
nanoplankton (2-20 pm) to larger cells (>20 pm) that
include dinoflagellates and diatoms.

Even though it is one of the most abundant zooplankton
species found in nearshore waters of low and mid latitude
regions, Penilia avirostris has not been widely studied
and its importance to community dynamics appears to
be under-appreciated. Research has focused primarily
on copepods, which have traditionally been considered
as the main link between primary producers and upper
trophic levels in marine food webs. However, in tropical
coastal waters annual production of P. avirostris has
been estimated to be similar to the third most productive
species in the copepod community (Rose ef al., 2004).
Moreover, P. avirostris probably plays a key role in food
chain dynamics because it consumes organisms as small
as bacterivorous flagellates (Katechakis et al., 2004), and
is in turn fed on by carnivorous zooplankton, fish larvae,
and planktivorous fish (Tang ef al., 1995).

Recent reports indicate that Penilia avirostris appears to
be extending its northward distribution on both sides of
the Atlantic. In 1999, large numbers suddenly appeared
in the North Sea for the first time and have now become
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a regular component of the region’s autumn zooplankton
community (Johns et al., 2005). The authors correlated the
arrival with rising sea surface temperatures, and proposed
that warmer conditions allowed resting eggs to survive
through the winter, enabling them to establish a permanent
population. The first appearance of P. avirostris in
Canadian waters was reported for the Gulf of St. Lawrence
in the autumns of 2000 and 2001 (Bernier and Locke,
2006). This represents a 5° range extension (1130 km)
from its previously reported northernmost occurrence on
southeastern Georges Bank (Colton, 1985). The authors
cautioned that this may not have been a natural extension
of its distribution, but an expansion caused by ballast
transport (Bernier and Locke, 2006).

NOAA Fisheries has monitored the zooplankton
populations of the US Northeast Shelf Ecosystem since
1977 with dedicated broadscale surveys conducted
approximately every two months (Sherman, 1980; Kane,
2011). Penilia avirostris has the fourth highest mean
abundance (12 671/100m?) of all zooplankton taxa collected

during the entire 1977-2009 time series. Zooplankton in
the region has also been monitored with monthly surveys
using a Continuous Plankton Recorder (CPR) along two
transects that crossed northern and southern portions of
the region from 1961 and 1976 onward, respectively
(Jossi and Benway, 2003). In this paper, data from these
two programs are combined to present an inter-decadal
examination of the distribution and abundance variability
of P. avirostris throughout the ecosystem. Furthermore,
an attempt is made to couple the observed patterns with
survey measurements of environmental variables and the
variability of climatic indices.

Methods
Broad Scale Surveys

This analysis is based on the sorting results of 23 795
zooplankton samples that were collected on broad scale
surveys of the U.S. Northeast Shelf ecosystem for 33
years, 1977-2009 (Fig. 1). All samples were collected with
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Fig. 1.  Orientation map of area sampled during broad scale plankton

surveys of the U.S. Northeast shelf ecosystem. The survey area
was divided into four subareas: 1) Gulf of Maine (GOM), 2)
Georges Bank (GBK), 3) Southern New England (SNE) , and 4)
Middle Atlantic Bight (MAB). The horizontal red lines are the
approximate location of the Gulf of Maine and Mid-Atlantic
CPR transects. Place name abbreviations: NJ = New Jersey,
NYC =New York City, LI = Long Island, CC = Cape Cod, MASS
= Massachusetts)
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a 0.333 mm mesh net fitted on one side of a 61 cm Bongo
frame that was equipped with a calibrated flowmeter to
measure the volume of water filtered during the tow. The
gear was towed at approximately 1.5 knots while it was
lowered to within a few meters from the bottom, or to a
maximum depth of 200 m, and back to the surface. Cruise
tracks and detailed sampling procedures for plankton
and other measurements on surveys before 1988 were
summarized by Sibunka and Silverman (1984, 1989).
The only major change in sampling methodology after
1987 was attaching a CTD instrument above the Bongo
frame to monitor the tow profile and collect simultaneous
oceanographic data. The different survey sampling
schemes employed during the time series have been
described by Kane (2003).

Laboratory analysis began with the reduction of each
sample to approximately 500 specimens with a modified
box splitter. The aliquot was then sorted and zooplankton
taxa were identified to the lowest taxonomic classification
possible. Penilia avirostris life stages cannot be defined
readily because they hatch from the egg as miniature adults
and simply increase in size as they moult toward the adult
stage. Therefore, all specimens were summed together and
expressed here as numbers/100 m*. Contoured bimonthly
and seasonal distribution maps of abundance were
generated using the Surfer 9 software package (Golden
Software) to interpolate abundance surfaces with natural
neighbor gridding methods.

Analysis of the cladocerans’ abundance variability
was facilitated by dividing the ecosystem into four
subareas whose boundaries are defined by oceanographic
characteristics (Ingham et al., 1982): the Gulf of Maine
(GOM), Georges Bank (GBK), Southern New England
(SNE), and the Middle Atlantic Bight (MAB) (Fig. 1).
Interannual abundance variability was examined by
calculating yearly abundance indices for each region. The
data were log (n+1) transformed and the average annual
abundance cycle was computed by fitting a spline curve
function to the time series bimonthly mean abundance
values. Anomalies from the seasonal cycle were then
averaged over each year to produce an annual abundance
index. Sampling was too infrequent to calculate the annual
anomaly in the MAB from 1989-94 and in the SNE region
for 1989.

CPR Surveys

Penilia avirostris abundance data were also analyzed from
samples collected with a Continuous Plankton Recorder
(CPR) towed at about 10 m depth (Hardy, 1939). Surveys
were conducted at approximately monthly intervals along
two transects across the ecosystem (Fig. 1). The Gulf of

Maine (GOM) transect extends from the Massachusetts
coast across the Gulf of Maine to Cape Sable, Nova
Scotia. Data were collected from 1961-2009, except for
an interval from 1974-77. The Mid-Atlantic (MA) transect
extends from just offshore of New York City, across the
continental shelf and slope towards Bermuda. Data were
collected from 1976-2009, with the exception of 1980.

The methods used on the CPR surveys along these two
routes have been described by Jossi and Benway (2003).
Briefly, plankton is filtered through bolting silk with a wet-
mesh aperture of 0.225 mm x 0.234 mm. In the laboratory,
the silk was cut into pieces representing 18.5 km sections
that were assigned geographic positions and reference
distance values (km from standard transect origin).
Alternate sections of silk were examined for zooplankton
using techniques described by Colebrook (Colebrook,
1975). CPR counts are reported here as numbers/100 m?*.
Annual abundance anomalies were calculated using the
same methods that were described earlier for broad scale
surveys. Data collected along the MA transect were
partitioned into shelf and slope water regions (>200 km
from transect origin) to facilitate comparisons with Bongo
net surveys.

Environmental Data

Temperature and salinity measurements were routinely
made on all broad scale surveys. Surface temperature
measurements were made with a stem thermometer from
a surface bucket sample from 1977-1998; values collected
thereafter were recorded via a thermistor attached to the
vessel. Samples for bottom temperature, surface salinity,
and bottom salinity were collected with Niskin bottles
from 1977-1986, while later years collected data with a
CTD instrument. Annual anomalies for these variables
were calculated using the same methods described earlier
for the zooplankton abundance index.

Temperature profiles of the water column were obtained
at one hour intervals along the CPR transects with
an expendable bathythermograph (XBT) from 1977
onward. Ten meter temperature values before and after
the central location of the CPR sample were distance
weighted to interpolate a value for that position, essentially
approximating the temperature where Penilia avirostris
was captured by the CPR.

Climate variability was indexed with the winter phase of
the North Atlantic Oscillation (NAO), the Gulf Stream
North Wall Index (GSI), and the Atlantic Multidecadal
Oscillation (AMO). The NAO is an index which is based
on the difference of normalized sea level pressures
between Lisbon, Portugal and Stykkisholmur/Reykjavik,
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Iceland from the months of December through March
(Hurrell, 1995). The GSI is a measure of the position of
the north wall of the Gulf Stream as it diverges from the
North American coastline (Taylor e al., 1995). The AMO
is a mode of natural variability occurring in the North
Atlantic that is primarily associated with long duration
changes in sea surface temperature (Kerr, 2000). These
three indices of climate variability are all known to affect
physical and biological measurements across the North
Atlantic and are readily available online.

Spearman’s rank correlation coefficients between the
annual anomalies of Penilia avirostris abundance and
the environmental variables were calculated within each
broadscale survey subarea and along each CPR transect
to measure the strength of association between them.
Abundance anomalies were also correlated with one
and two year lag periods of environmental measures
to determine if conditions in preceding years affect the
cladocerans’s density. Additionally, bimonthly subsets
of data were analyzed to determine if any of the factor(s)
trigger seasonal abundance pulses.

Results
Broad Scale Surveys

Penilia avirostris abundance explodes in the southernmost
waters of the ecosystem during summer (Fig. 2). Large
numbers of the cladoceran suddenly appear in the MAB
region during July—August, where near-shore samples
frequently have more than one million individuals
per 100m3. P. avirostris numerically dominates the
zooplankton community during these months, usually
accounting for nearly 50% of the total mesozooplankton.
Its numbers decline slowly through the autumn months
and few are found during the winter and spring. Further
north in the SNE region, its mean numbers are lower and
they peak later in the year during September—October
(Fig. 2). They also become nearly absent there during
winter and measureable numbers do not reappear until the
following summer. P. avirostris is not a major component
of'the GBK or GOM zooplankton community. It is usually
absent from samples throughout most of the year, except
for isolated and light catches that are most frequent in
early autumn.

High numbers of Penilia avirostris can usually be found
in coastal waters during July—August in decreasing south-
north and onshore-offshore abundance gradients (Fig. 3).
The inshore concentrations extend further northward into
SNE waters during September—October, forming three
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Fig. 2. The time series average annual log,  abundance cycle

of Penilia avirostris for the Southern New England
(SNE) and Middle Atlantic Bight (MAB) subareas of
the U.S. Northeast shelf ecosystem.

to four bands of decreasing inshore-offshore abundance
gradients south of Cape Cod. The bands begin to weaken
in November—December, dissolving into isolated pockets
of high numbers in MAB inshore waters (Fig. 3). Low
catches of P. avirostris were captured throughout GBK
and most of the GOM at some points in the time series,
especially during early autumn. Moderate concentrations
were occasionally found in coastal waters near Cape Cod.
During the first half of the year, P. avirostris is sparsely
distributed throughout the ecosystem and is often absent
over widespread areas (Fig. 3).

No persistent, long-term abundance trends of Penilia
avirostris were evident for the time series. Patterns were
similar (» = 0.56, p<0.01) in both the MAB and SNE
regions; with mostly above average levels in the late
1970s and early 1980s, low from the mid-1980s into the
early 1990s, and highly variable thereafter through 2009
(Fig. 4). P. avirostris abundance in the GBK and GOM
regions was too sparse to measure meaningful interannual
trends.

Distribution maps contrasting the first and last decades
of the time series suggest that the summer distribution
of Penilia avirostris has changed in recent years (Fig. 5).
During the 2000s, there was a northward and offshore
extension of the high concentrations typically found in
the MAB during the summer season. From 1977-86, the
northern extent of the high density cluster was located
in central New Jersey, while in the 2000s it had moved
northward to about 75 km off Long Island (Fig. 5).
The maps also indicate that the cladoceran had a more
widespread distribution over the northern half of the
ecosystem during the 2000s (Fig. 5).
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ecosystem.
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Fig. 4.  Annual anomalies of Penilia avirostris abundance in
the MAB (Middle Atlantic Bight) and SNE (Southern
New England) regions. Each bar represents the
annual mean of survey log abundance anomalies.
CPR Surveys

High numbers of Penilia avirostris abruptly appear in MA
CPR shelf samples during August, with concentrations
located in coastal waters (Fig. 6). Numbers slowly decline
through the early autumn months, decline sharply in late
autumn, and are completely absent from January through
June. It was captured on only one July survey (2008)
during the 34 year sampling period. The cladocerans’
abundance was much lower in slope waters (Fig. 6),
identified on only 1.6% of the silk segments examined
there during the time series. In 1985, it was first identified
seaward of the shelf break and since then has been present
in over half of the years. P. avirostris has never been found
in GOM CPR samples.

Interannual variability in MA shelf samples waters was
similar (Fig. 7), but not identical to the broadscale survey
patterns (Fig. 4). Low years were more prevalent in the late
1970s-early 1980s, while above average years dominated
the 1990s. Distribution along the transect was stable
throughout the time series, with no major shifts in spatial
patterns (data not shown).

Environmental and Climate Variables

There were no significant (p<0.01) correlations between
the annual anomalies of Penilia avirostris abundance and
the environmental variables measured in both the MAB
and SNE regions. Lagging the environmental variables
from one to three years did not improve correlations. The
results were the same when the cladocerans’ interannual
patterns were compared to the annual and lagged values
of the NAO, GSI, and AMO indices.
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Fig.5. Average summer (July—August) distribution

and abundance of Penilia avirostris in the U. S.
Northeast shelf ecosystem during A) 1977-1986
and B) 2000-2009.

A correlation analysis applied to data collected exclusively
in July and August revealed that surface temperature and
water stratification were both significantly correlated
(»<0.01) with Penilia avirostris abundance in the MAB
and SNE regions, though correlation coefficients were
only moderately high (Table 1). Similar to P. avirostris,
these variables both reach their seasonal peak during
this time period. The relationship between the variables
are not strongly linear, but temperature and stratification
have a key role defining the animals life history.
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Partitiioning the data by 4°C intervals readily shows
the cladocerans’ abundance is strongly associated with
elevated temperatures (Fig. 8). The cladocerans’ density
was also significantly negatively correlated with surface
salinity measurements (Table 1).

In August, abundance along the shelf portion of the MA
CPR transect was significantly correlated (p = 0.02) with
water temperature at 10 m depth, though the correlation
coefficient was also only moderate (» = 0.23). The two
variables were not significantly correlated in the other
eleven months.

Discussion

Penilia avirostris has a distinct seasonal cycle in the
southern half of the US Northeast shelf ecosystem.
It suddenly appears in July—August with the highest
numbers found in coastal regions. It forms a dense
population that slowly diminishes through the autumn
months. The cladoceran then essentially disappears from
the zooplankton community during winter and does not
return until its abrupt appearance in summer. This seasonal
unimodal pattern is the typical annual cycle observed for
P. avirostris in temperate waters (Lochhead, 1954; Lipej
et al., 1997; Atienza ef al., 2008).

Temperature probably is the major factor that controls
Penilia avirostris distribution because its populations
are restricted to the warmer waters of its northern and
southern ranges (Atienza et al., 2008). This is true in
the US northeast ecosystem, where numbers are highest
in the warmer, southernmost waters of the region;
minimal in the cooler waters of the more northern GBK
and GOM regions. This study also found significant
correlations between abundance and temperature
during its summer pulse, though coefficients were only
moderately high. Coefficient values were likely depressed
by the cladocerans sometimes, highly irregular or patchy
distribution. During the summer months, P. avirostris
occasionally will be absent at stations adjacent to ones
where concentrations of over one million individuals per
100m? have been measured.
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abundance (upper panel) and seasonal distribution
(lower panel) of Penilia avirostris along the Mid-
Atlantic CPR transect.

The population of Penilia avirostris must be renewed
each year by the successful production and hatching of
its resting eggs. The cladocerans’ strong seasonal cycle
suggests that temperature is the key factor initiating egg
hatching. After finding no P. avirostris in the GOM and

Spearmann partial (bottom depth) correlation coefficients between Penilia avirostris Log, abundance

Table 1.
and environmental variables measured on broad scale surveys during July—August. An asterisk
indicates the correlations were significant (p<0.01). (Abbreviation key: temp.= temperature, strat.=
stratification)
Surface Bottom
Region Surface temp. Bottom temp salinity salinity Strat
MAB 0.16* -0.01 -0.08 -0.01 0.22%*
0.35% -0.01 -0.25%* 0.03 0.34*

SNE
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Annual anomalies of Penilia avirostris shelf water
abundance along the Mid-Atlantic CPR transect.
Each bar represents the annual mean of survey log
abundance anomalies.
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Fig. 9.  Locations of Gulf of Maine stations where Penilia

avirostris was identified in samples collected on
broad scale surveys of the region from 1977-2009.
Points are labeled with year of capture.

seaward of the shelf break during 1980 and 1981, Colton
(1985) suggested that bottom temperatures must be at
least 10°C before development of resting eggs begins.
However, this study found no correlation between
P, avirostris abundance and bottom temperatures during
the summer awakening period. High numbers of the
cladoceran were often found in offshore waters where the
bottom temperatures were below 10°C. However, maybe
these specimens were advected offshore from warmer
inshore areas by prevailing westerly winds. Furthermore,
as noted earlier, the cladocerans’ patchy distribution
could mask significant correlations between variables.
Laboratory studies are needed to verify that the hatching
success of P. avirostris resting eggs is independent from
bottom temperature values.

Decades ago Lochhead (1954) reviewed the literature and
observed that Penilia avirostris becomes permanently
established only where the mean surface temperature
reaches at least 21°C. He hypothesized that this is the
minimal temperature necessary to build up a minimum
population density sufficiently high to assure the survival
of at least a few individuals, or resting eggs, through
winter. This hypothesis is applicable today in the Northeast
Atlantic shelf ecosystem. Persistent breeding populations
have yet to be established in the GOM and GBK regions
where mean surface temperature peaks at 16.8°C and
17.4°C respectively, while further south where P. avirostris
thrives, it rises above the 21°C threshold during summer.
Further evidence for this temperature minimum can
be found further north in the Gulf of St Lawrence off
Prince Edward Island. P avirostris transported there by
ballast waters has been able to establish a permanent
breeding community because a warm microclimate
elevates temperatures there to 21°C (Bernier and Locke,
2006). However, this does not explain why P. avirostris
abundance was low and sparsely distributed in slope
waters where surface temperatures exceed 21°C for several
months of the year (Jossi and Benway, 2003). Another
factor other than water temperature probably limits its
distribution and abundance in offshore waters. Since
there usually is an eight-fold decrease in phytoplankton
biomass across the shelf-slope front in ecosystem waters
(O’Reilly and Zetlin, 1998), food limitation may restrict
its offshore abundance.

Other studies have also proposed that food availability is
an important factor affecting the spatial distribution and
seasonal cycle of Penilia avirostris (Lipej et al., 1997;
Calbert et al., 2001). Further support for this hypothesis
can be inferred from the strong decreasing inshore-
offshore abundance gradients observed in this study,
echoing the phytoplankton gradients that characterize the
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region (O’Reilly and Zetlin, 1998). This study also found
that P. avirostris abundance was closely aligned with the
seasonal cycle of water column stratification. In the highly
stratified waters of summer, thermocline concentrations
of chlorophyll a are often several times higher in the
waters above and below it (O’Reilly and Zetlin, 1998).
This subsurface maximum is fueled by adequate light and
food supplied through diffusion from nutrient rich waters
below or from nearshore mixing events. This productive
layer is ubiquitous and represents a concentrated source
of nutrition for all herbivores (O’Reilly and Zetlin, 1998).
It is especially rich in nanoplanktonic autotrophs, the
preferred prey of P. avirostris (Atienza et al., 2006). The
high temperatures and phytoplankton biomass found in
stratified waters likely combine to fuel the explosive
growth of P. avirostris during summer.

Analysis of data collected on broad scale surveys in
198081 found isolated patches of Penilia avirostris on
GBK, establishing its first recorded occurrence in the
region and an eastward extension of its previous-reported
distribution (Colton, 1985). It was absent in the GOM
and, since earlier plankton surveys of the region also did
not report its presence (Bigelow, 1926; Fish and Johnson,
1937; Sherman, 1980), Colton (1985) was able to ‘state
unequivocally that Penilia does not occur in the Gulf of
Maine’. However, the present study identified P. avirostris
in 112 GOM samples (occurrence = 1.8%). It was first
recorded in 1977 and has been found present in all but five
years of the time series. These were usually light catches
(<1000/100m?) at isolated stations, predominately found
in the southeastern waters of the region during autumn
months (Fig. 9). It was most abundant in 1990 when dense
concentrations were recorded in Cape Cod Bay on Oct. 24
(55 196/100m?) and again on Nov. 2 (118 434/100m?).
In all, P. avirostris was identified at 23 stations along the
Massachusetts coast during October-November of 1990

(Fig. 9).

Penilia avirostris now ranges northward into the GOM,
though it does not appear to have established a persistent,
breeding population in the region. P. avirostris has
also not become strongly established on GBK, where
it is found in only low numbers at scattered locations
(occurrence = 1.6%). However, if the current warming
trend in the region continues (Friedland and Hare,
2007), it may become a permanent resident and be more
abundant. Already, the high summer concentrations in
southern waters have begun to expand northward in the
2000s. Since certain aspects of its life history enable it to
quickly become established in regions that are warming,
P, avirostris may be a sentinel species for climate change
in the North Atlantic. Future monitoring efforts will

need to focus on the spread and influence of this prolific
cladoceran within ecosystem waters.
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