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ABSTRACT: Diel vertical migration (DVM) by herbivorous copepods likely has a profound effect on
the behavior and ecology of copepod predators. We characterized the DVM behavior of late-stage
Calanus finmarchicus in the southwestern Gulf of Maine during the spring seasons of 2005 to 2007,
and investigated the influence of this behavior on the occurrence of zooplanktivorous baleen whales.
On 5 occasions, we occupied an oceanographic station for 1 to 2 d and conducted (1) a half-hourly
census of whales and (2) a half-hourly cast with an instrument package measuring temperature,
salinity, chlorophyll fluorescence, and copepod abundance. We observed significant variability in
DVM behavior both within and among years that was unrelated to stratification or chlorophyll con-
centration. Instead, DVM appeared to be influenced by the vertical distribution of phytoplankton, the
presence of visual predators (sand lance Ammodytes spp.), copepod developmental stage, and the
feeding history of individual copepods. Migrating copepods had oil sacs that were 44 % larger than
non-migrating copepods at the surface after accounting for developmental stage, which suggests that
well-fed copepods are more likely to vertically migrate. While the occurrence of North Atlantic right
whales Eubalaena glacialis was unrelated to variability in the migration behavior of C. finmarchicus,
sei whales Balaenoptera borealis were significantly less abundant during times of strong DVM
behavior. We speculate that right whales do not compete directly with sand lance and herring for
C. finmarchicus, but by inducing DVM behavior, these fish are likely influencing the distribution and
abundance of sei whales in the southwestern Gulf of Maine.
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INTRODUCTION

The diel vertical migration (DVM) behavior of zoo-
plankton has been studied for well over a century. Both
observational and experimental studies in recent
decades have offered compelling evidence for the the-
ory that herbivorous zooplankton migrate downward

*Email: mbaumgartner@whoi.edu

out of the euphotic zone at dawn to avoid being eaten
by visual predators, and they migrate upward into sur-
face waters at dusk to graze on phytoplankton under
the cover of night (e.g. Zaret & Suffern 1976, Bollens &
Frost 1989, Dawidowicz et al. 1990). However, there
appear to be many variations on these simple behav-
ioral rules. For example, Hays (1995) and De Robertis
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et al. (2000) found that DVM behavior differs among
zooplankton of varying size (both among and within
species) based on their relative risk from size-selective
visual predators. Zaret & Kerfoot (1975) and Hays et al.
(1994) also attributed differences in DVM behavior to
pigmentation and body morphology, factors that affect
detection by visual predators and escape speed,
respectively. Ohman et al. (1983) observed reverse
DVM by herbivorous copepods in response to normal
DVM of their invertebrate predators. In some cases,
DVM can cease altogether and zooplankton will
remain at depth or at the surface during both day and
night. While this may ultimately be related to preda-
tion risk (Bollens & Frost 1989), several studies have
suggested that an individual's feeding history can have
a strong influence on DVM behavior (e.g. Huntley &
Brooks 1982, Dagg 1985, Hays et al. 2001). The meso-
cosm experiment of Huntley & Brooks (1982) indicated
that food limitation (i.e. starvation) causes copepods to
abandon DVM by remaining in surface waters to
graze, whereas Hays et al. (2001) suggested that well-
fed copepods with sufficient energy reserves can sur-
vive for days at depth without vertically migrating.
There is growing interest in examining the influence
of zooplankton DVM behavior on the distribution and
behavior of predators (e.g. Bost et al. 2002, Hays 2003,
Shepard et al. 2006, Baumgartner & Fratantoni 2008).
For large-bodied predators like baleen whales that
need to feed on tremendous quantities of zooplank-
ton each day (Kenney et al. 1986), DVM can have a
profound effect on a predator's ability to find suffi-
cient food resources and to exploit those resources
efficiently. North Atlantic right whales Eubalaena
glacialis visit the Great South Channel in the south-
western Gulf of Maine each spring to feed on highly
concentrated aggregations of the calanoid copepod
Calanus finmarchicus (CETAP 1982, Wishner et al.
1988, 1995). Sei whales Balaenoptera borealis are be-
lieved to only occasionally visit the inshore waters of
the Gulf of Maine, including the Great South Channel,
in response to increases in the availability of their
copepod prey (Payne et al. 1990, Schilling et al. 1992);
however, our recent springtime work in the Great
South Channel (2004 to 2010) suggests that they are
reasonably common in this area in most years (authors'
pers. obs.). Winn et al. (1995) reported that right whale
dive times in the Great South Channel were longer
during the day and shorter at night when late-stage
C. finmarchicus were exhibiting DVM behavior (Dur-
bin et al. 1995a), and they hypothesized that right
whales were feeding deep in the water column during
the day and near the surface at night. The calling
behavior of sei whales in this area also exhibits diel
periodicity; Baumgartner & Fratantoni (2008) found
that sei whale calling rates increased during the day

when vertically migrating C. finmarchicus were at
depth, but decreased at night when C. finmarchicus
had migrated to the surface. Baumgartner & Fratantoni
(2008) hypothesized that sei whales are unable to feed
on deep layers of copepods, and that increased calling
behavior during the day may be associated with a
reduction in feeding on C. finmarchicus and either an
increase in socializing with conspecifics or switching to
a different prey species.

The vertical migration behavior of Calanus fin-
marchicus has been well studied in the North Atlantic
(Falkenhaug et al. 1997, Fiksen & Carlotti 1998, Beare
& McKenzie 1999, Emsley et al. 2005), including in the
southwestern Gulf of Maine. Durbin et al. (1995a,b)
investigated several aspects of C. finmarchicus eco-
logy in the Great South Channel during the spring sea-
sons of 1988 and 1989 as part of the South Channel
Ocean Productivity Experiment (SCOPEX; Kenney &
Wishner 1995). Using net hauls in 3 depth strata, they
observed no DVM during times when the spring bloom
was underway or settling out (early May), strong DVM
during the period immediately following the end of the
bloom (mid-May), and persistent surface aggregations
(i.e. no DVM) once stratification had been established
(mid-May to early June). Based on ingestion rates
measured during these vertical migration studies,
Durbin et al. (1995b) suggested that C. finmarchicus is
nearly always food-limited in the Great South Channel
except during the spring bloom. Food limitation often
causes a cessation of DVM behavior (Huntley & Brooks
1982, Dagg 1985, Hays et al. 2001), but Durbin et al.
(1995a) found both the presence and absence of DVM
behavior during food-limiting conditions. While Dur-
bin et al. (1995a) implicate stratification and food avail-
ability as having a strong influence on the observed
patterns in this region, they also recognized that
migration behavior may have been governed by the
occurrence of predators.

The present study was conducted (1) to characterize
the DVM behavior of Calanus finmarchicus in the
Great South Channel during complementary studies of
the biological and physical mechanisms promoting
copepod aggregation in this region as well as right
whale foraging behavior, (2) to investigate the factors
influencing DVM behavior, and (3) to determine to
what extent, if any, DVM behavior influences the oc-
currence of right and sei whales. Observations of cope-
pod vertical distribution, whale abundance, and asso-
ciated oceanographic conditions were collected at high
temporal resolution at stations in the Great South
Channel over a 1 to 2 d period on 5 separate occasions.
DVM behavior was examined with respect to several
extrinsic factors, including stratification and phyto-
plankton distribution and abundance. We also exam-
ined the role of feeding history on DVM behavior.
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Whereas Durbin et al. (1995a) used ‘instantaneous’ in-
gestion rates to assess food limitation, we assessed
food limitation over longer time scales by estimating
lipid reserves from in situ images of copepods. We hy-
pothesized that well-fed C. finmarchicus (i.e. those
with large oil sacs) are more likely to mitigate preda-
tion risk by vertically migrating than copepods with
smaller lipid reserves (hypothesis H1). Finally, our ob-
servations of whale abundance were used to address
the hypothesis that right and sei whales exhibit differ-
ent responses to DVM by C. finmarchicus based on the
observations of Winn et al. (1995) and Baumgartner &
Fratantoni (2008). Specifically, we anticipated that
right whales are able to feed effectively on copepods
regardless of whether they are aggregated at the sur-
face (Mayo & Marx 1990) or at depth (Baumgartner &
Mate 2003), whereas sei whales are unable to feed on
deep migrating layers and are therefore less abundant
during times of strong DVM (hypothesis H2).

MATERIALS AND METHODS

Sampling. The DVM behavior of Calanus finmarchi-
cus was monitored on 5 occasions during the spring
seasons of 2005 to 2007 in the Great South Channel of
the southwestern Gulf of Maine (Fig. 1). On each occa-
sion, the NOAA ship ‘Albatross IV' occupied a geo-
graphically fixed oceanographic station in an area
where numerous North Atlantic right whales were ini-
tially encountered (sei whale abundance was not con-
sidered in the selection of the station location). A verti-
cal profiling instrument package was deployed at
half-hour intervals for the entire time the station was
occupied (21 to 37.5 h; see Table 1). The instrument
package consisted of a conductivity-temperature-
depth (CTD) instrument (SeaBird Electronics, SBE
19plus), a chlorophyll fluorometer (Wetlabs, WETStar
WS3S), an optical plankton counter (OPC; Focal Tech-
nologies, OPC-1T; Herman 1988, 1992), a video plank-
ton recorder (VPR; Seascan, AutoVPR in 2005, DAVPR
in 2006 and 2007; Davis et al. 1992, 1996), an altimeter
(Benthos, PSA-916), and a bottom contact switch
(WHOI custom built), which provided vertical profiles
of temperature (CTD), salinity (CTD), chlorophyll fluo-
rescence (fluorometer), particle size and abundance
(OPC), light attenuance (OPC), and zooplankton abun-
dance and community composition (VPR). After drift-
ing off the station during each cast with the vertical
profiling instrument package, the ship would return to
the station so that sampling could continue in the exact
same geographic location.

Whale census. For 15 min during each half-hourly
cast occurring during daylight hours, a team of 3
observers conducted a visual census of whales within 3
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Fig. 1. Study area and oceanographic stations (® to ®) off the
coast of Massachusetts

km of the ship using the naked eye and 10 x 50 binoc-
ulars. For each sighting, observers noted the species,
the number of whales, the relative bearing and dis-
tance from the ship, and any overt behavioral informa-
tion. Care was taken to identify and record individual
whales only once during the 15 min census period.
Whale abundance is hereinafter expressed as the num-
ber of whales seen per 15 min observation period.
Chlorophyll. Chlorophyll fluorescence can be used
as a proxy for chlorophyll concentration (Lorenzen
1966), which in turn can be used as an indicator of
phytoplankton abundance. To assess chlorophyll con-
centration and calibrate the fluorometer, seawater was
collected at the stations occupied during 2007 using
Niskin bottles attached to the sea cable just above the
vertical profiling instrument package. Samples were
obtained from the surface and at depth, typically
near the pycnocline, the fluorescence maximum, or
the maximum in OPC-derived Calanus finmarchicus
abundance. Seawater was then filtered through What-
man GF/F filters (>0.7 pm particles), and the filters
were wrapped in aluminum foil and frozen for later
analysis. In the laboratory, chlorophyll was extracted
in a 90 % acetone solution, chilled in a freezer for 24 h,
allowed to come to room temperature, and analyzed on
a calibrated Turner AU-10 fluorometer. Independent
replicate measurements were made from each water
sample to assess analytical error; replicate chloro-
phyll measurements were averaged to obtain a single
chlorophyll measurement for each water sample. Mea-
sured in situ fluorescence was averaged within +1.5 m
of the Niskin sampling depth. Voltage output from the
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WETStar instrument was converted first to an esti-
mated chlorophyll concentration using the factory cal-
ibration, and then the field calibration described here
was developed with and applied to these factory-
calibrated values. This procedure allowed the applica-
tion of a field calibration developed with the 2007 data
only to be applied to fluorescence data from 2005 and
2006, since we expect seasonal phytoplankton commu-
nities and physiology to be roughly similar from year to
year in this region. Only pairs of chlorophyll samples
and averaged in situ fluorescence measurements
collected simultaneously during nighttime or below
30 m during the daytime were used to develop a cali-
bration equation. Surface samples collected during
the daytime were omitted from comparison because of
the well-known phenomenon of phytoplankton cells
adapting to strong solar insolation by increasing photo-
protective pigments and closing photosynthetic reac-
tion centers, thereby reducing fluorescence (Dandon-
neau & Neveux 1997, Laney et al. 2005). A calibration
equation was developed using a simple linear regres-
sion forced through the origin.

Copepods. The VPR captures digital images of a
small volume of water 23 to 30 times s}, and is adept at
estimating the abundance of large-bodied copepods
such as Calanus finmarchicus. Regions of interest,
defined as areas in the images with high brightness
and contrast, were automatically extracted using
AutoDeck software (Seascan) and visually inspected to
identify and classify zooplankton. In 2006 and 2007,
the oil sacs of late-stage C. finmarchicus were clearly
visible in images captured with the high-magnification
DAVPR (Fig. 2a). Prosome length and
width and an outline of the oil sac were
measured for a subset of copepods
imaged by the VPR (Fig. 2b) using cus-
tom software written in IDL, a scientific
programming environment (ITT Visual
Information Solutions). Each copepod'’s
orientation angle relative to the depth
of field was estimated so that the
length, width, and oil-sac outline could
be transformed from the image's coor-
dinate system to one in which the
copepod is laterally exposed (i.e.
laying flat on its side). Oil-sac volume
was then estimated from the oil-sac
outline using methods adapted from
Miller et al. (2000) and described in
Tarrant et al. (2008). All oil-sac vol-
umes were log-transformed prior to
statistical analysis. A prosome length
threshold of 2.1 mm was used to distin-

VPR images (Campbell et al. 2001a, Tarrant et al.
2008). To verify the VPR-derived individual measure-
ments, we compared lengths and oil-sac volumes esti-
mated from the VPR during 2006 and 2007 to similar
measurements on live CV copepodids collected at
the surface in the same region during 2005 and 2006
(Tarrant et al. 2008, M. F. Baumgartner & A. M. Tar-
rant unpubl. data). These copepods were live-sorted,
staged on a depression slide, and photographed with
a dissecting microscope (Wild M5 in 2005, Stemi
2000C in 2006) and an attached digital camera
(Nikon Coolpix 5000 in 2005, Canon EOS-20D in 2006)
(Fig. 2c), and prosome length, width, and oil-sac vol-
ume were measured and derived in a manner identical
to that for the VPR (Fig. 2d). There was no evidence
of differences between VPR-imaged copepods with
lengths 22.1 mm prosome length (i.e. CV copepodids)
and live-sorted CV copepodids for prosome length
(mean difference = 0.020 mm, 2-tailed t-test: nypgr = 90,
nyve = 100, t = 0.866, p = 0.3877) or oil-sac volume
(2-tailed t-test: nypr = 90, nyye = 100, t=1.63, p =0.1052).

The volume of seawater imaged by the VPR is esti-
mated as the product of the field of view and the depth
of field. The field of view is fixed by the camera and
was 10.5 x 14 mm for the AutoVPR in 2005 and 7.5 x
9.75 mm for the DAVPR in 2006 and 2007 (the user-
selectable DAVPR magnification setting was chosen
specifically to provide high-magnification images of
Calanus finmarchicus and is not appropriate for
assessing the abundance of larger taxa, such as
euphausiids or fish). The depth of field is the distance
over which objects in a VPR image appear to be in

1 mm 1 mm

Fig. 2. Calanus finmarchicus. Two copepodids (stage CV) from the Great South
Channel. (a) A copepod image from the video plankton recorder (model
DAVPR), (b) the same copepod with the length, width, and oil-sac outline indi-
cated. (c) A copepod captured with a zooplankton net by Tarrant et al. (2008),

live-sorted, staged on a depression slide, and photographed under a dissecting

guish between copepodid stages CIV
(<2.1 mm) and CV (22.1 mm) in the

microscope, (d) the same copepod with the length, width, and oil-sac outline

indicated
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Table 1. Dates and locations of stations in the Great South Channel

Station 1

Stn 1 was occupied 18 to 19 May 2005 for 27 h
(Table 1). A persistent layer of late-stage Calanus

Stn Start date Location Water Duration
and time (h) depth (m) (h)

1 18 May 05, 18:30 41°17.52'N, 69°12.22'W 98 27.0

2 7 May 06, 14:00 41°17.24'N, 69°08.89'W 103 21.0

3 23 May 06, 16:00 41°15.06'N, 68°58.79'W 137 34.5

4 21 May 07, 19:30 41°18.76'N, 69°03.28'W 160 37.5

5 6Jun 07, 20:30 41°56.52'N, 69°04.66'W 192 35.5

finmarchicus was observed in the surface waters
during both the daytime and nighttime (Fig.
3c,d). A second, much less abundant group of
copepods appeared to migrate downward during
the latter half of the first night, remain at depth

focus, and was estimated using the following labora-
tory calibration procedure. An acrylic target with a
grid of 0.4 mm diameter holes was slowly moved
through the depth of field as the VPR acquired images.
The target was later isolated in the resulting images
using AutoDeck with the same extraction parameters
that were used for the in situ field data. The distance
over which the target was in focus enough to be reli-
ably extracted by AutoDeck is considered the depth of
field. For the AutoVPR used in 2005, the depth of field
was 75 mm, and the resulting sample volume for each
VPR image was 11 ml. For the DAVPR used in 2006
and 2007, the depth of field was 29.5 mm, and the
resulting sample volume was 2.1 ml. Taxon-specific
abundance estimates were derived from the VPR using
these estimates of the image volume and zooplankton
counts from manually classified images. Comparable
estimates of late-stage C. finmarchicus abundance
were estimated from the OPC by counting 1.5 to
2.0 mm equivalent circular diameter particles and
applying the calibration equation of Baumgartner
(2003). The VPR malfunctioned on several occasions in
2006 because of slippage in the moveable bracket
holding the camera in place, causing severe focus
problems.

RESULTS

Fluorescence measurements were significantly cor-
related with chlorophyll concentration at the 2007 sta-
tions (n = 21, r = 0.744, p < 0.001). There was no evi-
dence that the intercept of the linear regression of
fluorescence against chlorophyll concentration was
different from zero (t = 0.46, p = 0.6504), so a fitted lin-
ear regression forced through the origin was used as a
calibration equation to convert all fluorescence mea-
surements to estimated chlorophyll concentrations.
Qualitatively, migration patterns and copepod abun-
dance estimates agreed very well between the OPC
and VPR (see Figs. 3 & 4); hence, OPC observations
were used to describe migration patterns and abun-
dance, and VPR observations were used for individual
prosome length and oil-sac volume estimates.

during the day, and began an upward migration
several hours before dusk. Fluorescence-derived
chlorophyll concentration was moderate in the upper
30 m, and the temporal variability in fluorescence sug-
gested that phytoplankton were organized in patches
that were advected past the station. The water column
was weakly stratified in both temperature and salinity.
Temporal variability in both temperature and salinity
was dominated by tidal advection of cold salty (hence
dense) water near the bottom (note doming of isopyc-
nals near the sea floor in Fig. 3e), and variability in
temperature near the surface was caused by daytime
solar heating (not shown). Right and sei whales were
present throughout the study period (Fig. 3a,b).

Station 2

Stn 2 was occupied 7 to 8 May 2006 for 21 h
(Table 1), during which no coherent pattern in cope-
pod vertical movements was observed. Copepods were
organized in patches that remained at mid-depth dur-
ing most of the study period, and these patches never
occurred within 10 m of the surface. From images of
individual copepods captured at depth by the VPR
early in the study prior to the VPR malfunctioning, the
population of Calanus finmarchicus appeared to be
comprised of both CIV and CV copepodids (Table 2;
length <2.1 mm: 60 %, length >2.1 mm: 40 %). A con-
centrated patch of C. finmarchicus appeared near the
sea floor during the morning of the second day coinci-
dent with the tidal advection of cold salty (hence
dense) water near the sea floor (note doming of isopyc-
nals near the sea floor in Fig. 3e). The lack of DVM
and, in particular, the absence of copepods near the
surface is likely explained by the distribution of phyto-
plankton (Fig. 3e). Fluorescence observations indi-
cated that patches of phytoplankton were advected
past the station at mid-depth (30 to 90 m) and in phase
with the tide, and that these patches occurred roughly
in association with the 25.8 kg m™3 sigma-t isopycnal.
As observed at Stn 1, stratification was quite weak,
temporal variability in temperature and salinity was
primarily caused by tidal advection, and daytime
solar heating and nighttime cooling caused additional
temporal variability in the surface temperatures (not
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shown). While right whale abundance was high (an
average of 11.1 right whales were observed during
each half-hourly observation period; Table 3), sei
whale abundance was comparatively low (an average
of 0.4 sei whales were observed; Table 3).

Station 3

Stn 3 was occupied from 23 to 25 May 2006 for 34.5h
(Table 1). Strong DVM was observed at this station and
was characterized by high Calanus finmarchicus abun-
dance near the surface at night and low abundance
near the surface during the day (Fig. 3c). Copepods
migrated to within 10 m of the sea floor during the day-
time. VPR images taken early in the study prior to the
VPR malfunctioning indicated that the migrators were
comprised of both CIV and CV copepodids (Table 2;
length < 2.1 mm: 45 %, length > 2.1 mm: 55 %). Fluores-
cence-derived chlorophyll concentration was moder-
ately high in the upper 30 m, and phytoplankton was
organized in discrete patches that advected past the
station (Fig. 3e). The observed reduction in near-

surface fluorescence during the daytime was probably
not indicative of a reduction in phytoplankton, but was
more likely caused by photoadaptation of phytoplank-
ton cells to strong solar insolation. Unlike at Stns 1 and
2, the water column was strongly stratified in both tem-
perature and salinity (hence density), and phytoplank-
ton patches occurred primarily in association with the
pycnocline (Fig. 3e). Temporal variability in tempera-
ture and salinity was caused by tidal advection of salty
low-fluorescence water near the bottom and cold
water at mid-depth (Fig. 3e). Additional variability in
temperature and salinity was caused by internal waves
propagating past the station along the pycnocline (not
shown). Right whale abundance was highest of all the
stations (an average of 16.1 whales seen per observing
period; Table 3), whereas no sei whales were observed
at this station.

Station 4

Stn 4 was occupied from 21 to 23 May 2007 for 37.5h
(Table 1). Most copepods remained near the surface for

Table 2. Calanus finmarchicus. Morphometrics from images collected by the video plankton recorder (model DAVPR). Average
and 95 % CI of oil-sac volume derived from log-transformed statistics. Non-migrators = copepods that remained in the surface
waters continuously

Stn Behavioral n Length Back-transformed oil-sac volume

class Mean 95% CI <2.1 mm >2.1mm  Average (mm®  95% CI (mm°)

(mm) (mm) (%) (%)

2 Non-migrators 10 2.07 1.83-2.31 60 40 0.0609 0.0431-0.0861
3 Migrators 33 2.20 2.12-2.28 45 55 0.0661 0.0522-0.0838
4 Non-migrators 22 2.00 1.86-2.14 68 32 0.0334 0.0239-0.0465
4 Migrators 31 2.26 2.15-2.37 42 58 0.0640 0.0450-0.0909
5 Non-migrators 5 2.12 1.56-2.67 40 60 0.0758 0.0393-0.1462
5 Migrators 45 2.39 2.31-2.47 11 89 0.1083 0.0937-0.1252
5 Deep 9 243 2.32-2.54 0 100 0.1440 0.1156-0.1794
All Non-migrators 37 2.03 1.92-2.15 62 38 0.0438 0.0344-0.0559
All Migrators 109 2.30 2.24-2.35 30 70 0.0803 0.0698-0.0924

Table 3. Calanus finmarchicus, Eubalaena glacialis, and Balaenoptera borealis. Summary of observations at each station. Aver-
age water column C. finmarchicus abundance, average daytime C. finmarchicus abundance at the surface (<20 m), and daytime
percentage of C. finmarchicus at the surface (<20 m) were derived from optical plankton counter observations. Average whale
abundance expressed as the number of whales per 15 min observation period. DVM: diel vertical migration

Stn DVM Average abundance Stratification
behavior C. finmarchicus ———— Right whale Sei whale
Water column Daytime at surface (n obs. period™)
(nm) (nm) (%)
1 Weak 367 3183 51 2.1 3.6 Weak
2 None 1276 725 5 111 0.4 Weak
3 Strong 843 61 0 16.1 0.0 Strong
4 Weak 495 11063 74 8.4 3.3 Strong
5 Strong 255 293 4 0.4 0.1 Strong
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the duration of the observation period at this station
(Fig. 4c,d), although a small segment of the population
vertically migrated during the day (similar to that
observed at Stn 1). The surface-resident non-migrating
copepods imaged with the VPR were predominantly
CIV copepodids (Table 2; length <2.1 mm: 68 %),
whereas the migrating segment of the population was
comprised of both CIV and CV copepodids (Table 2;
length <2.1 mm: 42%, length >2.1 mm: 58%). The
migrators had significantly larger prosome lengths
(2-tailed t-test: t=2.98, p = 0.0044) and oil-sac volumes
(2-tailed ¢-test: t=2.66, p = 0.0104) than non-migrators.
Chlorophyll concentration in the upper 25 m was mod-
erately high. As at Stn 3, stratification was very strong,
phytoplankton were associated with the pycnocline
and the surface mixed layer, and daytime reductions in
fluorescence likely caused by photoadaptation were
observed (Fig. 4e). Daytime solar heating contributed
to variability in surface temperature, but unlike at all
the other stations, there was no temporal variability
observed in temperature or salinity that could be
attributed to tidal advection (note lack of tidal variabil-
ity in isopycnals in Fig. 4e). This lack of variability sug-
gests that horizontal gradients in temperature and
salinity in the immediate vicinity of the station were
quite small, whereas at all the other stations, horizontal
gradients were larger. Both right and sei whales were
present throughout the study period (Fig. 4a,b).

Station 5

Stn 5 was occupied from 6 to 8 June 2007 for 35.5 h
in the northern Great South Channel (Table 1, Fig. 1).
We observed strong DVM by the majority of copepods
at this station (Fig. 4c,d), although there appeared to
be 2 additional segments of the population that either
remained in the surface waters during the day or
remained at depth during the night. The copepods
observed in the surface waters at the station during
daylight hours were organized in a discrete patch that
remained at the station for 4.5 h. Because of the rela-
tively low abundance of copepods in this daytime sur-
face patch, only a few VPR images were of sufficient
quality to obtain prosome length and oil-sac volume
(n = 5); these measurements suggested the patch was
comprised of both CIV and CV copepodids (Table 2;
length <2.1 mm: 40%, length >2.1 mm: 60 %) with
small oil sacs (back-transformed average volume:
0.0758 mm?). The layer of copepods around 165 m
depth was much more persistent than the daytime sur-
face patch, remaining observable for the entire dura-
tion of the station. The prosome length data suggested
that this layer was dominated by CV copepodids
(Table 2; fraction 22.1 mm: 100 %) with oil sacs nearly

twice the size of those measured in the daytime surface
patch (Table 2; back-transformed average volume:
0.144 mm?). Despite the low sample sizes, the oil-sac
volumes for copepods in the daytime, non-migrating,
surface patch and in the deep persistent layer were
significantly different (2-tailed t-test: t = 2.99, p =
0.0112). The migrating layer was also dominated by
CV copepodids (Table 2; length >2.1 mm: 89 %) that
had lengths similar to those observed in the persistent
deep layer (2-tailed t-test: t = 0.42, p = 0.6766); how-
ever, there was suggestive, but inconclusive, evidence
that copepods in the migrating layer had smaller oil
sacs than those in the persistent deep layer (2-tailed
t-test: t = 1.70, p = 0.0947; note that because Ngeep = 9,
this test is not particularly powerful).

Fluorescence-derived chlorophyll concentration was
highest of any of the stations, and phytoplankton were
concentrated primarily in the pycnocline and in the
surface mixed layer (Fig. 4e). The water column was
strongly stratified in temperature, but less so in salinity
(Fig. 5). Temporal variability in temperature and salin-
ity was caused by tidal advection of cold fresh water at
mid-depth and warm salty water near the bottom (note
doming of isopycnals in Fig. 4e). Additional variability
in temperature and salinity was caused by internal
waves propagating past the station at the pycnocline
(not shown). Warm, salty, and turbid conditions near
the bottom (Fig. 5) indicated the presence of water
originating from the continental slope that was absent
at all other stations (likely due to the proximity of Stn 5
to slope-origin water at the bottom of Wilkinson Basin;
Fig. 1). The abundance of Calanus finmarchicus was
comparatively low in this water mass, particularly in
the bottom mixed layer (Fig. 5). Right and sei whales
were observed only occasionally at this station
(Fig. 4a,b), likely because the overall copepod abun-
dance was lowest of all the stations (Table 3).

DVM behavior and hydrographic conditions

A range of hydrographic conditions was observed
throughout the 3 yr study, from weak stratification and
relatively cooler surface temperatures (Stns 1 and 2) to
strong stratification and warmer surface temperatures
(Stns 3, 4, and 5). Advection of different water masses
in phase with the tide was observed at all stations
except for Stn 4. Despite this broad range of conditions
(Table 3), no relationship was apparent between the
DVM behavior of late-stage Calanus finmarchicus and
these hydrographic conditions or variability. Both
strong and weak DVM behavior was observed during
periods of strong stratification (e.g. Stns 4 and 5), and
limited vertical migration behavior was observed dur-
ing weak stratification (Stn 1).
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DVM behavior and phytoplankton distribution

Although DVM behavior was not directly linked
with stratification, the vertical distribution of phyto-
plankton appeared to be controlled in large part by
stratification. During highly stratified periods (Stns 3 to
5), phytoplankton layers were observed in the pycno-
cline, presumably between the nutrient-depleted,
well-lit surface waters and the deep nutrient reservoir
below the pycnocline. When stratification was particu-
larly weak (Stn 2), phytoplankton occurred at depth.
The depth distribution of Calanus finmarchicus was
closely associated with the depths at which their food
occurred; we observed that (1) during periods of strong
DVM (Stns 3 and 5), C. finmarchicus migrated at night
to the pycnocline where phytoplankton abundance
was highest, (2) during periods of weak DVM (Stns 1
and 4), most C. finmarchicus remained continuously
near the surface where phytoplankton abundance was
highest, and (3) during periods of non-migration be-
havior (Stn 2), C. finmarchicus remained at mid-depth
where phytoplankton abundance was highest.

DVM behavior, copepod stage distribution,
and oil-sac size

Prosome lengths derived from all images of Calanus
finmarchicus obtained by the DAVPR in 2006 and 2007
(Stns 2 to 5) suggested that both non-migrating and
migrating copepods were in stages CIV and CV; how-
ever, surface-resident non-migrating copepods were
primarily in stage CIV (Table 2; length <2.1 mm: 62 %),
and migrating copepods were primarily in stage CV
(Table 2; length 22.1 mm: 70 %). As a result, migrating
copepods were significantly longer than non-migrat-
ing copepods (Fig. 6a; 2-tailed t-test: t = 4.67, p <

0.001). Migrating copepods also had significantly
larger oil sacs than surface-resident non-migrating
copepods (Fig. 6b; 2-tailed t-test: t = 4.32, p < 0.001),
which could similarly result from differences in the
stage distribution between the 2 groups since CIV
copepodids generally have much smaller oil sacs than
CV copepodids. To account for the effect of stage dis-
tribution on the observed oil-sac volumes, the follow-
ing multiple linear regression model was fit with pro-
some length as a nuisance variable: In(V) = By + B;L +
B,M, where V is the oil-sac volume, L is the prosome
length, M is an indicator variable set to 0 for surface-
resident non-migrating copepods and set to 1 for
migrating copepods, and By, B, and B, are the model
parameters. Thus, for copepods of similar length (i.e. of
the same stage), e indicates the multiplicative differ-
ence in the median oil-sac volume between migrating
and non-migrating copepods. For Stns 2 to 5 combined,
the median oil-sac volume of migrating copepods was
31.5% (95% CI: 1.71 to 70.1%) larger than that of
surface-resident non-migrating copepods after ac-
counting for prosome length in this way (0pigrators = 109,
Dpon-migrators = 37; P2 = 0.2742; 95% CI: 0.01691 to
0.5314; 1-tailed p = 0.0184; a 1-tailed test is used here
since the alternative to the null hypothesis, H1, states
that migrating copepods have larger oil sacs than non-
migrating copepods). A second multiple linear regres-
sion model was fit with stage explicitly included as a
nuisance variable, where stage was classified by pro-
some length (i.e. length <2.1 mm was classified as CIV,
and length >2.1 mm was classified as CV): In(V) = B, +
B1S + BoM, where S is an indicator variable set to 0 for
CIV and set to 1 for CV. The median oil-sac volume of
migrating copepods was 43.8% (95% CI. 11.5 to
85.3%) larger than that of surface-resident non-
migrating copepods after accounting for stage in this
WaY (Mmigrators = 109, Nnon-migrators = 37 P2 = 0.3631; 95%



Baumgartner et al.: Calanus finmarchicus diel vertical migration 177

3.5 r
1 a
i ] L
3.0 - N
E 4
£ ]
£ 2.5 -
m | H
c i
2 g
g 201 -
5 i
17}
o i
a i L
1.5 B
1.0~ Migrator Non-migrator N
n=109 n=37
=4.6
p < 0.001

1.000 3, :
&
€ 0.100 5 ]
; 4
€
=)
o
>
(6]
S 0.010 1 3
o ] °

L]
0.001 J Migrator Non-migrator -
n=109 n=37
=43
p < 0.001

Fig. 6. Calanus finmarchicus. (a) Prosome length and (b) oil-sac volume of migrating and surface-resident non-migrating C. fin-
marchicus imaged with the video plankton recorder (model DAVPR) for Stns 2 to 5

CI: 0.1093 to 0.6169; 1-tailed p = 0.0027; again, a
1-tailed test is used here since the alternative to the
null hypothesis, H1, states that migrating copepods
have larger oil sacs than non-migrating copepods).

DVM behavior and predator occurrence

No systematic observations of major Calanus fin-
marchicus predators were collected during any of the
stations (see 'Discussion’ as to why right and sei
whales are not considered major C. finmarchicus
predators). However, an aggregation of sand lance
(Ammodytes spp.) was serendipitously observed at
the surface during the first night at Stn 5. Fish were
extremely abundant and could be easily caught with
a 5 gallon (19 1) bucket. An examination of stomach
contents indicated that the fish were feeding on late-
stage C. finmarchicus. Sand lance were first ob-
served on 7 June 2007 at 01:00 h local time and per-
sisted at the station for 3.5 h. It is likely that the
aggregation was fairly large, since it remained at the
station for several hours despite relatively strong cur-
rents associated with the ebb tide (although it is pos-
sible that the aggregation was small and actively
swam to remain close to the ship). We suspect that
the sand lance near the vessel were able to feed on
C. finmarchicus using the ship's lights, but since
sand lance are visual predators, the majority of fish
comprising the aggregation (i.e. those fish that were
not near the ship) were not able to feed on C. fin-
marchicus near the surface at night. The presence of
a large aggregation of predators may have influ-
enced the DVM behavior of C. finmarchicus at this
station.

Variability in whale abundance

Whale abundance varied both within and among
stations (Figs. 3a,b & 4a,b, Table 3). Although the
abundance of whales varied within each station period
(Figs. 3a,b & 4a,b), there was no relationship between
the within-station average water column abundance of
Calanus finmarchicus and the abundance of either
right or sei whales. Similarly, there was no relationship
between maximum water-column abundance of C. fin-
marchicus and the abundance of either right or sei
whales within each station period. In other words, we
did not tend to detect more whales within 3 km of the
station when the concentration of C. finmarchicus was
higher over the course of a single station. There was
also little evidence that the within-station variability in
whale abundance was caused by tidal advection of
whales past the station. There was only 1 instance of
tidal periodicity in the time series of whale abundance:
at Stn 4 on 22 May 2007, both right and sei whale
abundance reached a local minimum around slack tide
between the ebb and flood tides (Fig. 4a,b; tides not
shown in figure). The variability in abundance on this
day may have been caused by a very discrete aggrega-
tion of whales distributed over a relatively small area
(a few kilometers) that could be observed passing the
station. At the other stations, whales were more likely
distributed over a wider area (several to tens of kilome-
ters); hence, their movements past the station caused
by the tide would be much less observable.

Average whale abundance varied substantially
among stations (Table 3). Right whale abundance av-
eraged over each station varied from 0.4 to 16.1 whales
seen per 15 min observation period, while average sei
whale abundance varied from 0.0 to 3.6 whales. Right



178 Mar Ecol Prog Ser 423: 167-184, 2011

whale abundance tended to be higher when the aver-
age water-column abundance of Calanus finmarchicus
was higher (n =5, r=0.756, p = 0.14), and although this
result was not statistically significant, the power of this
test is quite low. No relationship was observed be-
tween sei whale abundance and the average water-
column abundance of C. finmarchicus (n = 5, t =
—0.443, p = 0.45). Variability in right whale abundance
was unrelated either to daytime, surface, C. finmarchi-
cus abundance (n = 5, r = -0.0694, p = 0.91) or to the
daytime percentage of C. finmarchicus at the surface
(n=>5,r=-0.274, p = 0.66), 2 measures of DVM behav-
ior (surface waters defined as those above 20 m depth).
In contrast, sei whale abundance tended to be higher
during periods of weak DVM when daytime concen-
trations of C. finmarchicus at the surface were high
(n=5,1r=0.753, p = 0.14; result not statistically signifi-
cant, but the power of this test is low) and the daytime
percentage of C. finmarchicus at the surface was high
(n=5,1r=0.950, p = 0.013). These results suggest that
right whale occurrence is unaffected by C. finmarchi-
cus DVM behavior, whereas sei whales are less abun-
dant during times of strong DVM (hypothesis H2).

DISCUSSION

We observed considerable variability in DVM be-
havior, including strong migration behavior (Stns 3 and
5), weak migration behavior (Stns 1 and 4), and no
migration behavior (Stn 2). Hydrographic conditions
did not appear to have a significant effect on this vari-
ability. Migration was observed in both weakly and
strongly stratified conditions, with and without internal
wave activity (i.e. during periods of strong and weak
stratification, respectively), and with and without
strong tidal variability in hydrographic properties.
However, it is possible that stratification has an indi-
rect influence on DVM behavior, as a strong pycno-
cline can promote the formation of a discrete subsur-
face maximum in phytoplankton abundance that, in
turn, will attract copepods toward the surface.

Why migrate up?

Our observations strongly support the hypothesis
that upward migration is motivated by the availability
of phytoplankton in the surface waters. During DVM
(strong or weak), phytoplankton concentrations were
always highest in the upper 30 m, and there was no
evidence of active (fluorescent) phytoplankton cells
occurring in abundance below the pycnocline. How-
ever, when phytoplankton were not concentrated at
the surface but instead at depth during the weakly

stratified conditions at Stn 2, copepods did not migrate
to the surface. These observations indicate that DVM
behavior is by no means fixed, but instead is respon-
sive to local phytoplankton distribution (Ohman 1990).
The early summer observations of Ohman & Runge
(1994) demonstrated that Calanus finmarchicus is
omnivorous and can feed on heterotrophic micro-
plankton. During our springtime study, the close asso-
ciation between C. finmarchicus vertical distribution
and that of phytoplankton strongly suggests that
C. finmarchicus feeds primarily on phytoplankton at
this time of year in the southwestern Gulf of Maine.

Why migrate down?

Despite the strong dependence on phytoplankton
availability in the near-surface waters for upward
migration behavior, there was no evidence to suggest
that downward migration was related to phytoplank-
ton distribution or abundance. Copepods clearly did
not leave the surface waters just prior to dawn because
phytoplankton distribution changed or phytoplankton
became less abundant (Figs. 3e & 4e; recall that appar-
ent near-surface daytime reductions in chlorophyll
concentration are most likely an artifact of measuring
fluorescence during periods of photoadaptation to
strong sunlight). Similarly, there were no obvious
changes in hydrographic conditions that appeared to
prompt downward migration. Our anecdotal observa-
tion of sand lance at Stn 5 when strong DVM behavior
was also observed suggests that the presence of visual
predators may be the ultimate cause of downward
migration. This conclusion is consistent with many
experiments and field studies that have demonstrated
that downward vertical migration by zooplankton is
caused by the occurrence of predators (e.g. Zaret &
Suffern 1976, Gliwicz 1986, Bollens & Frost 1989, Daw-
idowicz et al. 1990, Bollens et al. 1992).

Why stay in surface waters during daytime?

During surveys at Stns 1 and 4, most Calanus fin-
marchicus remained at the surface throughout both
the day and night. Interestingly, at each of these sta-
tions, a smaller segment of the population chose to ver-
tically migrate despite being exposed to identical envi-
ronmental conditions as the non-migrating copepods.
The reasons for remaining at the surface during the
daytime are not immediately clear, but it is possible
that either (1) no visual predators were present, or (2)
visual predators were present, but copepods risked
predation to remain at the surface to feed. While we
made no systematic observations of visual predator
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occurrence, the fact that part of the population chose to
vertically migrate suggests that visual predators might
have been present at these stations. If predators were
indeed present, why would the majority of the popula-
tion remain at the surface? Phytoplankton are not
always available in sufficient concentrations to sate a
copepod, and food limitation of growth and maturation
has been observed for C. finmarchicus in the Gulf of
Maine (Campbell et al. 2001b). During conditions of
low food availability, or during blooms that follow peri-
ods of low food availability, copepods may risk preda-
tion and continue to feed at the surface during the day-
time to either prevent starvation or to build lipid
reserves quickly. Since substantial ingested energy is
accumulated in the oil sac during CIV and CV stages,
the size of this oil sac or, equivalently, the store of lipids
can be used as an indicator of past feeding success
(Graeve et al. 2005). We might expect, then, that
recently food-limited copepods with small oil sacs will
tend to remain at the surface during the day to feed,
whereas recently well-fed copepods with larger oil
sacs will vertically migrate. The morphometric analysis
of the VPR images supports this hypothesis; we found
that the oil sacs of migrating copepods were 44 %
larger than those of surface-resident non-migrating
copepods after accounting for developmental stage.

Durbin et al. (1995b) suggest that Calanus finmar-
chicus in the Great South Channel are likely food-
limited after the spring bloom terminates and
stratification is established. Using a chlorophyll con-
centration of 1 pg 1! as an approximate threshold for
food limitation of C. finmarchicus (Campbell et al.
2001b), we found that all of the stations had patches
of phytoplankton that exceeded this threshold,
although only Stns 3 to 5 had persistent chlorophyll
concentrations in excess of 1 pg I"!. This phytoplank-
ton patchiness may be responsible for differences in
oil-sac size among individual copepods. When cope-
pods ascend from depth at dusk, some arrive at the
surface inside a phytoplankton patch and can feed at
maximal rates, whereas others will arrive to consider-
ably lower phytoplankton abundance and possibly
food-limiting conditions. This differential rate of in-
gestion and lipid deposition will result in some cope-
pods ‘fattening up’ sooner than others, and may result
in the weak DVM observed at Stns 1 and 4 where
only copepods with larger oil sacs initiate DVM and
the rest of the population must remain at the surface
to feed during the daytime.

Why stay at depth?

We observed a persistent layer of primarily CV cope-
podids at depth during Stn 5 that did not migrate. Our

initial assumption was that this was a diapausing layer
of Calanus finmarchicus, since it remained at depth
and was composed mostly of CV copepodids, 2 of the
several qualitative characteristics of diapausing popu-
lations (Hirche 1996). However, our estimates of oil-sac
size, albeit few (n = 9), suggested the copepods in this
persistent layer had much smaller oil sacs than previ-
ously sampled copepods in this area. Tarrant et al.
(2008) sampled CV copepodids both at the surface (0 to
39 m) and at depth (157 to 201 m) 68 km to the east of
Stn 5 during 2005. Compared to the surface-collected
copepods, the deep copepods had significantly larger
oil sacs, lower RNA:DNA ratios (an indication of re-
duced transcriptional activity), and empty guts. These
presumably diapausing copepods collected in 2005
had oil sacs that were 175 % larger than the oil sacs of
the copepods comprising the deep persistent layer
at Stn 5 (2005 data: mean + SD oil-sac size = 0.3967 +
0.0755 mm?, n = 25; data from Tarrant et al. 2008). It is
therefore unlikely that the deep copepods at Stn 5
were in diapause. Why, then, did these copepods stay
at depth?

Durbin et al. (1995a,b) also observed deep, non-
diapausing, non-migrating Calanus finmarchicus in
the Great South Channel that were larger and less pig-
mented than collocated surface copepods. Fluores-
cence profiles and Niskin bottle samples from the
water column indicated that there was a layer of phyto-
plankton up to 30 m thick near the bottom, and gut
fluorescence measurements indicated that the deep
copepods were actively feeding. Durbin et al. (1995a,b)
concluded that these copepods were feeding on
diatoms from the spring bloom that had recently set-
tled out of the water column onto the sea floor. Presum-
ably these copepods had no need to visit the surface
waters with phytoplankton available at depth. In the
present study, however, we found no increase in
fluorescence at depth that would suggest a phyto-
plankton food source for the deep non-migrating
C. finmarchicus at Stn 5 (Fig. 4e). We did find similar
conditions to those reported by Durbin et al. (1995a,b)
at Stn 2, where C. finmarchicus was found coincident
with deep layers of concentrated phytoplankton
(Fig. 3). We did not assess phytoplankton community
composition or copepod ingestion rates, but based on
the co-occurrence of the copepods and phytoplankton,
previous studies reporting copepods feeding on phyto-
plankton at depth (Durbin et al. 1995a,b, Dagg et al.
1997), and the time of year (early in May during the
waning spring bloom; Thomas et al. 2003), it is likely
that C. finmarchicus at Stn 2 were feeding on algal
cells (possibly spring bloom diatoms) that were sinking
in the water column.

Hays et al. (2001) observed deep non-migrating
Metridia pacifica in Dabob Bay, a fjord in Washington
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state (USA), coincident with migrating M. pacifica, and
they reported that the deep non-migrating copepods
had oil sacs that were 72 % larger than those of migrat-
ing copepods. From these observations, Hays et al.
(2001) concluded that the deep non-migrating cope-
pods had sufficient energy reserves to forgo migration
to the surface, hence avoiding the risk of predation.
Moreover, Hays et al. (2001) estimated that M. pacifica
could survive for 3 to 9 d at depth before having to re-
turn to the surface to feed. At Stn 5, we observed a sim-
ilar pattern to that of Hays et al. (2001); copepods in the
deep layer had oil-sac volumes 33 % larger than migrat-
ing copepods, and 90 % larger than the non-migrating
copepods that remained at the surface throughout the
daytime. It is possible that these copepods had suffi-
cient energy reserves to forgo migration; however, un-
like M. pacifica (Batchelder 1985), it is thought that
Calanus finmarchicus builds energy reserves primarily
in preparation for diapause, not to survive relatively
short periods of starvation at depth. Although it seems
avoiding predation by remaining at depth and metabo-
lizing lipid reserves may be a reasonable short-term
strategy for survival, it may not always be compatible
with the long-term goal of building sufficient lipid re-
serves to enter diapause. In truth, short-term utilization
of energy reserves is not well studied in C. finmarchi-
cus; thus, while Hays et al. (2001) speculated that M.
pacifica with large lipid reserves mitigated predation
by remaining at depth for short periods of time (days), it
is unclear if C. finmarchicus employs a similar strategy
in the Gulf of Maine.

Seasonal variability in DVM behavior

From the stations occupied within the same year, it is
clear that DVM behavior changes within the same sea-
son. Although there was only a single station in 2005,
the glider study of Baumgartner & Fratantoni (2008)
took place 25 km to the northwest and over the course
of 7 to 12 d prior to Stn 1. Baumgartner & Fratantoni
(2008) observed strong DVM, whereas only weak verti-
cal migration was observed at Stn 1. In 2006, no DVM
behavior was observed in early May (Stn 2), whereas
strong DVM was observed later that month at a location
only 14.5 km away (Stn 3). Significant differences in
migration behavior were also observed between the 2
stations occupied in 2007; however, these stations were
70 km apart. In each year, roughly 2 wk elapsed be-
tween sampling periods; therefore, we are unable to es-
timate how quickly DVM behavior changes. The glider
observations of Baumgartner & Fratantoni (2008) indi-
cate that strong vertical migration behavior persisted
for several days, and strong vertical migration behavior
occurred at least 2 d in a row at Stns 3 and 5.

Influence of zooplanktivorous whales on
DVM behavior

Right and sei whales are most likely inconsequential
predators of Calanus finmarchicus, and therefore have
no influence on DVM behavior. Despite the astounding
amount of C. finmarchicus consumed daily by indivi-
dual whales (estimated at 1 to 2 billion copepods; Ken-
ney et al. 1986, Baumgartner & Mate 2003), there sim-
ply are not enough whales in the population for them
to be considered major predators of C. finmarchicus.
Baumgartner et al. (2003a) compared right whale con-
sumption of C. finmarchicus in the lower Bay of Fundy
to that of a single invertebrate predator of C. finmar-
chicus, the northern krill Meganyctiphanes norvegica,
and conservatively estimated that the krill consume
7.5 times more C. finmarchicus than the right whales.
Northern krill are only one of many extremely abun-
dant predators of C. finmarchicus, and this comparison
was done in an area where right whales are highly
aggregated. The actual contribution of right whales to
the overall predation of C. finmarchicus in the Gulf of
Maine is therefore assumed to be negligible. Since an
individual copepod is far more likely to be consumed
by other predators, it seems doubtful that they would
evolve behavioral strategies to avoid predation by
right and sei whales.

Influence of DVM behavior on zooplanktivorous
whales

The difference in the response of right whales and
sei whales to variability in the DVM behavior of
Calanus finmarchicus was striking. Whereas right
whale abundance remained high during periods of
strong, weak, and no DVM behavior, sei whales
occurred in much lower numbers or were absent alto-
gether when C. finmarchicus did not occupy the sur-
face waters during the daytime (e.g. during periods of
strong DVM behavior). The high abundance of right
whales observed during times when copepods were at
depth during the day strongly suggests that right
whales are capable of feeding well below the surface
waters. Winn et al. (1995) inferred that right whales
roughly tracked the day/night movements of C. fin-
marchicus in the Great South Channel by monitoring
dive times using radio tags; they observed longer dive
times during the day than during the night while cope-
pods were vertically migrating, and suggested that
right whales were feeding on the copepods at depth
during the day and at the surface at night. Short-term
tagging studies in the right whales' summertime habi-
tat, the lower Bay of Fundy, indicate that right whales
are adept at feeding at depths of 150 to 200 m on dis-
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crete layers of C. finmarchicus (Baumgartner & Mate
2003). Using short-term tagging methods identical to
those employed by Baumgartner & Mate (2003), we
have observed right whales foraging at the sea floor
during the daytime in the Great South Channel
(M. F. Baumgartner unpubl.). However, surface feed-
ing is likely less energetically expensive for right
whales than feeding at depth because transit time to
the depth of a prey layer is reduced, thus time spent
feeding inside the layer is increased for a constant dive
time (Baumgartner et al. 2003b). Our observations sug-
gest that right whales may sometimes have a choice of
depths at which to forage (e.g. Stns 1, 4, and 5). Since
migrating C. finmarchicus had oil sacs that were 44 %
larger than surface-resident non-migrating copepods
(regardless of developmental stage), the costs of feed-
ing at depth during the day may sometimes be out-
weighed by the benefit of feeding on larger lipid-rich
copepods with a higher caloric content. Alternatively,
right whales could concentrate their feeding activities
at the surface at night when both non-migrating and
migrating copepods are available together in a single,
easily accessible layer.

In contrast to right whales, the absence of sei whales
during times when copepods were at depth suggests
that sei whales may only be able to feed effectively on
Calanus finmarchicus when they are at or near the sur-
face. Baumgartner & Fratantoni (2008) observed diel
variability in sei whale calling rates in association with
acoustic observations of strong C. finmarchicus DVM
behavior in the Great South Channel during the
spring; specifically, they observed low calling rates
during the night when C. finmarchicus were at the sur-
face, and higher calling rates during the day when
C. finmarchicus were at depth. They speculated that
sei whales reduced calling rates to accommodate
nighttime feeding on C. finmarchicus at the surface,
and increased calling rates during the day when prey
was unavailable to them. If sei whales were as adept at
feeding at the surface during the night as during the
day, then we might expect them to be present during
periods of strong DVM. However, the present study
indicates that sei whales are generally absent during
these times (e.g. Stns 3 and 5). These observations
together suggest that sei whales may prefer to feed on
C. finmarchicus at the surface during the day. Baum-
gartner & Fratantoni (2008) discussed a number of
hypotheses for sei whales' apparent reliance on near-
surface copepod patches, including the lack of a sub-
rostral gap in their baleen, inferior sensory capabilities
for detecting copepods, and an ability to switch to
other prey that may be more easily captured when
near-surface patches are not available.

Despite strong DVM observed in the Great South
Channel during 2005 by Baumgartner & Fratantoni

(2008), during 2006 at Stn 3, and during 2007 at Stn 5,
sei whale downsweep calls were detected during con-
current acoustic monitoring at each of these study sites
(Baumgartner & Fratantoni 2008, Baumgartner et al.
2008), indicating that sei whales remained in the
region despite a lack of daytime surface aggregations.
If sei whales can only feed on daytime surface aggre-
gations, why would they remain in the area when
these aggregations are not available? Although sei
whales are capable of switching to prey other than
Calanus finmarchicus (Hjort & Ruud 1929, Kawamura
1974, Flinn et al. 2002), we speculate that the within-
season variability in DVM behavior described above
(see 'Seasonal variability in DVM behavior') may offer
an alternative explanation. During 2005, Baumgartner
& Fratantoni (2008) observed strong DVM by C. fin-
marchicus, but just over a week later, we observed
weak DVM at Stn 1. It is possible that sei whales wait
in the Great South Channel until DVM behavior ends
and C. finmarchicus become available again in day-
time surface aggregations. Given the patchiness of for-
age fish, it is also conceivable that there is spatial vari-
ability in DVM behavior, and sei whales can find and
forage on daytime surface aggregations while else-
where in the Great South Channel copepods are
exhibiting strong DVM behavior. Addressing these
alternatives requires monitoring the diving and forag-
ing behavior of individual sei whales.

Competition

In 1986, Payne et al. (1990) observed an anomalous
reduction in sand-lance abundance on Stellwagen
Bank in the western Gulf of Maine and an equally
anomalous increase in both right whale and sei whale
abundance. Coincident with this reduction in sand
lance, they reported that Calanus finmarchicus abun-
dance in 1986 was an order of magnitude higher than
in any other year of their study from 1982 to 1988. They
reasoned that right whales compete for copepods with
zooplanktivorous fish that also feed on C. finmarchicus
(e.g. herring, mackerel, and sand lance), and that the
abundance of these fish can influence the occurrence
of right and sei whales by controlling the abundance of
C. finmarchicus available to the whales. From the
results of their regional study, Payne et al. (1990) sug-
gested that the recovery of the endangered North
Atlantic right whale may be inhibited in the northwest
Atlantic Ocean by competition for its prey by zoo-
plankivorous fish.

Our results suggest that the interactions among right
whales, sei whales, and zooplanktivorous fish may be
more complicated than originally envisioned by Payne
et al. (1990). In particular, we speculate that the behav-
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ior of Calanus finmarchicus likely has a strong influ-
ence on these interactions. The Payne et al. (1990)
study was conducted in relatively shallow waters (18 to
40 m depth) where C. finmarchicus probably cannot
migrate to sufficient depths to avoid predation by
visual predators (C. finmarchicus migrated to well
below 40 m in our study; Figs. 3c & 4c); therefore, zoo-
planktivorous fish may have a much greater influence
on the abundance of C. finmarchicus over banks (e.g.
Stellwagen Bank) than they do in deeper habitats. In
the Great South Channel, where a deep-water dark
refuge is available, DVM behavior may allow C. fin-
marchicus to avoid predation such that fish will have
much less of an effect on copepod abundance. This
behavior will reduce the extent to which zooplanktivo-
rous fish compete with right whales, since right whales
can take advantage of migrating copepods at depth
during the day (Baumgartner & Mate 2003) and pre-
sumably at the surface at night, i.e. at times when
these same copepods are unavailable to fish that rely
on visual hunting. In contrast, zooplanktivorous fish
and sei whales may compete more directly, and the
presence of fish could affect sei whales in 2 ways:
(1) by inducing DVM behavior, zooplanktivorous fish
may inadvertently preclude sei whales from foraging
since sei whales appear restricted to feeding on cope-
pods near the surface and perhaps only during the
daytime, and (2) by competing directly for persistent
near-surface daytime aggregations of C. finmarchicus
that have not initiated DVM (e.g. Stns 1 and 4).

Stocks of herring in the Gulf of Maine have recently
recovered from overfishing (Overholtz & Friedland
2002), and concern has been expressed about potential
competition between these fish and right whales for
Calanus finmarchicus. Greene & Pershing (2004) found
that annual right whale calf production is likely related
to Calanus finmarchicus abundance such that fewer
calves are born after years of low Calanus finmarchi-
cus abundance. An increase in herring may therefore
reduce the abundance of late-stage Calanus fin-
marchicus available to fuel right whale productivity.
As discussed in the previous paragraph, we speculate
that right whales and herring do not compete directly
in deep-water habitats during the spring (Great South
Channel), since Calanus finmarchicus likely initiates
DVM behavior to avoid predation by the far more
abundant fish predator. In summertime habitats (lower
Bay of Fundy and southwestern Scotian Shelf), right
whales feed on diapausing Calanus finmarchicus at
depths that make visual predation extremely difficult,
if not impossible (Baumgartner & Mate 2003). During
the fall and early winter, right whales likely continue to
feed on deep stocks of diapausing Calanus finmarchi-
cus in the Gulf of Maine (fall data from M. F. Baum-
gartner unpubl.). It is only during the late winter and

early spring in the shallow habitats of the western Gulf
of Maine (Cape Cod Bay and Massachusetts Bay) that
right whales likely compete directly with zooplanktiv-
orous fish for Pseudocalanus spp., Centropages typi-
cus, and Calanus finmarchicus (Mayo & Marx 1990,
DeLorenzo Costa et al. 2006). Despite the lack of direct
competition in right whale habitats for most of the year,
higher abundances of herring could certainly reduce
the overall abundance of Calanus finmarchicus in the
Gulf of Maine and thereby affect right whale produc-
tivity. However, other fish that feed on Calanus fin-
marchicus have been abundant during the decline of
herring (e.g. sand lance; Kenney et al. 1996), so despite
shifts in community composition, it is unclear whether
overall fish consumption of Calanus finmarchicus has
changed dramatically. Moreover, herring are consid-
ered to have recovered by the late 1990s (Overholtz &
Friedland 2002), and right whale calf production in the
late 2000s was particularly high (Pettis 2009).
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