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Abstract

The Northern Gulf of Alaska experiences pronounced seasonality and inter-annual 

variability characterized by a significant bloom of phytoplankton in the spring. Neocalanus 

copepods in the NGA have evolved to match their lifecycle to the seasonality of the Gulf of 

Alaska and feed upon the spring phytoplankton bloom. All three of these Neocalanus species 

utilize diapause as an over-wintering strategy; acquiring large stores of lipid to sustain them 

through winter hibernation and subsequent reproduction.

Zooplankton were sampled with 150 and 505 μm mesh nets from 0 to 1200 m along the 

Seward Line and within Prince William Sound in the Northern Gulf of Alaska during 2018-2020 

to track the physiological process of Neocalanus copepods preparing for diapause. We measured 

lipid sac area, lipid volume and percent lipid to quantify lipid content. Neocalanus showed 

significant interannual variability in final lipid accumulation both at depth and in the surface 

during the study period. For all three species, lipid content increased with increasing stage and 

prosome length. Lipid content increased from spring to summer for N. flemingeri, remaining 

steady into fall as animals molted into adults and descended to depth for diapause. Neocalanus 

plumcrhus stored lipid from spring to summer before descending slightly after N. flemingeri. 

Neocalanus cristatus exhibited dissimilar behavior to the other two species, storing consistently 

low amounts of lipid, alluding to a different lifecycle.

Each Neocalanus species displayed similar lipid accumulation behavior with offset 

timing from one another. Neocalanus exhibits an earlier developmental timing as compared to 

other lipid accumulating copepods giving them a competitive advantage to reach maturity in time 

to feed on the early phase of the spring phytoplankton bloom faster than other species. Our data 

provided some evidence for both the lipid accumulation hypothesis and the developmental
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program hypothesis being utilized in Neocalanus populations in the Northern Gulf of Alaska.

This work serves as the first detailed study of body condition and lipid sac condition in

Neocalanus populations throughout the water column within the Northern Gulf of Alaska.
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General Introduction

The Northern Gulf of Alaska (NGA) is a marine system impacted by both land and sea. The 

inner shelf has extensive freshwater input while the outer shelf is strongly influenced by the 

Alaska Gyre (Weingartner et al., 2005). This subarctic system experiences strong seasonality and 

considerable inter-annual variability (Coyle and Pinchuk, 2003). The pattern of changing 

physical and chemical characteristics gives rise to an ecosystem with organisms that take 

advantage of this seasonality. During spring, increased daylight combined with nutrients 

regenerated during winter leads to a substantial bloom of phytoplankton (Strom et al., 2016). 

Microzooplankton, such as ciliates and dinoflagellates, consume the phytoplankton and are in 

turn important prey for larger zooplankton (Strom et al., 2007). Zooplankton readily exploit both 

phytoplankton and microzooplankton to grow, reproduce, and acquire energy stores. These 

copepods are critical to the NGA food web because they are prey for myriad ocean predators 

including larval fish, invertebrates (Coyle and Pinchuk, 2003), baleen whales (Kawamura, 1982), 

and seabirds (Hunt et al., 1998).

Many copepods in high latitudes are adapted to a seasonally variable food supply, 

specifically during winter, when primary production shuts down. Diapause is one adaptation to 

survive the winter. Diapausing copepods do not eat, reproduce, or move much when in diapause 

as a way to preserve energy so that they have a better chance of reproducing once conditions are 

favorable (Baumgartner and Tarrant, 2017). For marine copepods, most species diapause as 

juveniles in deep water, molt into adults and ascend to the surface to feed before finally 

producing eggs. Diapausing species consume phytoplankton and microzooplankton during the 

spring bloom to have sufficient energy stored, in the form of a lipid sac, to survive the diapause 

period and subsequent growth and reproduction (Baumgartner and Tarrant, 2017). Thus, a pre
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diapause phase where lipids are accumulated before the dormancy phase is a key aspect of 

successful diapause (Sim and Denlinger, 2009).

For most of the year, from September to March, there is limited food available in the Gulf of 

Alaska system that would be suitable for Neocalanus copepods to consume. Neocalanus 

copepods maximize storage of resources (as lipids), then reduce metabolic demand in order to 

survive. The larger the lipid sac of a copepod, the better a meal it makes and more energy it will 

pass along to its predator. It has been suggested that during times when copepods have more 

lipid, copepod predators tend to be larger and healthier (Hopcroft, pers. com.). This can also be 

impactful on fisheries in the Gulf of Alaska as Neocalanus copepods have been identified as a 

component of the diets of both larval salmon (Kaeriyama et al., 2004) and larval pollock 

(Kendall et al., 1987) diets. During spring and early summer, lipid rich Neocalanus copepods 

dominate zooplankton biomass and abundance in the surface waters of the subarctic Pacific 

(Coyle and Pinchuk, 2005).

There are three species of diapausing Neocalanus (Family Calanidae) in the Gulf of Alaska; 

N. flemingeri, N. plumchrus and N. cristatus, that exhibit similar, but unique, diapausing 

behaviors. After either a threshold amount of lipid is accumulated or an internal cue is received, 

Neocalanus spp. begin descent to depth for diapause. Neocalanus plumchrus and cristatus 

diapause as copepodite stage five (CV) (Miller et al., 1984) while N. flemingeri begin diapause 

after molting and mating into adults or copepodite stage 6 (CVI) (Miller and Clemons, 1988). 

During diapause, a small portion of the lipid that was accumulated is used for baseline metabolic 

activity (Campbell et al., 2004). The lipid that remains after diapause is used for molting and 

mating before egg production in N. plumcrhus and N. cristatus and exclusively for egg 

production in N. flemingeri females (Baumgartner and Tarrant, 2017).
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Until the early 2000s, little was known of the diapause process in the genus Neocalanus 

(Campbell et al., 2004; Kobari, 2001; Kobari and Ikeda, 2001). While more recent studies on 

Neocalanus have focused primarily on transcriptomics associated with the preparation for 

diapause and the exit from diapause (Roncalli et al., 2020, 2021), little quantitative information 

on lipid accumulation available. Most of what we know about lipid accumulation comes from 

studies on another genera of the family Calanidae, Calanus (Bauermeister and Sargent, 1979; 

Rey-Rassat et al., 2002; Miller et al., 2000). Like Neocalanus, Calanus acquires lipid stores 

through feeding that fuel overwintering and subsequent growth and reproduction (Conover, 

1988). Miller et al. (2000) found that CV specimens of Calanus finmarchicus showed increased 

lipid storage with increasing prosome length. However, the patterns of lipid storage in 

Neocalanus are unknown. The maximum amount of lipid accumulated before diapause could be 

highly dependent on the quality and quantity of food available during the spring bloom.

There are two main theories about what causes a copepod to begin diapause. The first theory 

is called the lipid accumulation hypothesis (Johnson et al., 2008) that proposes an animal will 

only diapause once it has reached a threshold quantity of lipid stored in its body. The second 

theory proposes a developmental program (Denlinger and Armbruster, 2014) as is common in 

insects, where diapause is not dependent on lipid accumulation, but on a form of biological 

clock. We aim to determine if the timing of diapause initiation, as well as whether the trigger to 

begin diapause is driven by lipid accumulation or developmental timing or some combination of 

both. This thesis examines these diapause initiation hypotheses for three Neocalanus species in 

the Northern Gulf of Alaska, as well as document the change in body size and lipid content of 

these three species over season and depth layer during 2018 to 2020. This work serves as the first 
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detailed study of body and lipid sac condition of Neocalanus spp. populations within the

Northern Gulf of Alaska.
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1. Lipid Accumulation in three species of Neocalanus copepod in the Northern Gulf of 

Alaska1

1.1 Abstract

Unlike most diapausing copepods, Neocalanus uniquely molt into adults and spawn at 

depth, providing them an advantage over other calanoid copepods in the Northern Gulf of 

Alaska. The Neocalanus species complex relies solely on lipids accumulated during the previous 

growing season to fuel overwintering and subsequent reproduction. We examined the variability 

of lipid sac content in three species of Neocalanus copepod collected in the Northern Gulf of 

Alaska over spring, summer, and fall during 2018-2020. Neocalanus were sorted and imaged 

from zooplankton samples collected along the Seward Line and within the Prince William Sound 

during 2018-2020. Lipid sac area, lipid sac volume and percent lipid were used to assess lipid 

content and variability among the metrics. For all species, lipid content increased with increasing 

stage and concurrently, prosome length. Lipid content increased from spring to summer for N. 

flemingeri, remaining steady into fall as animals molted into adults and descended to depth for 

diapause. Neocalanus plumcrhus stored lipid from spring to summer before descending slightly 

after N. flemingeri. Neocalanus cristatus lipid accumulation behavior differed from the other two 

species, storing consistently lower amounts of lipid, potentially due to a different lifecycle.

Each Neocalanus species displayed somewhat similar lipid accumulation behavior but 

displayed an offset in habitat utilization and descent time. Our data provided some evidence for 

both the lipid accumulation hypothesis and the developmental program hypothesis in Neocalanus 

populations in the Gulf of Alaska. This work serves as the first detailed study of body condition 

and lipid sac condition in Neocalanus populations within the Gulf of Alaska.

1Coleman, D.M. and Hopcroft, R.R. Lipid accumulation in three species of Neocalanus copepod in the Northern Gulf of Alaska. 

Prepared for submission in the Journal of Plankton Research.
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1.2 Introduction

Diapause is a common strategy of copepods that live in high latitudes which allows them to 

survive seasonally variable environments (Lenz and Roncalli, 2019). Diapause in late stage 

calanoid copepods consists of a period of lipid accumulation (pre-diapause) followed by 

migration to deeper waters (initiation of diapause), a dormancy period at depth (maintenance), 

and emergence (termination) from diapause for the resumption of growth and subsequent 

reproduction (Baumgartner and Tarrant, 2017). In the pre-diapause preparatory period, copepods 

accumulate large quantities of lipids and store them in a transparent and expandable lipid sac 

located dorsal to the midgut (Baumgartner and Tarrant, 2017), during the period before 

unfavorable conditions arise.

The storage of wax esters in the lipid sac is a distinguishing trait in copepod species with a 

strong seasonally-coupled diapause (Lee et al., 2006). The amount of accumulated lipids varies 

by copepod species, season, geographic location, and depth, and is correlated with the seasonal 

cycle of food scarcity and availability at high latitudes (Lee et al., 1971; Lee and Hirota, 1973). 

Copepods that reside in high latitudes store significantly more lipid than copepods at mid and 

low latitudes (Lee and Hirota, 1973) because warmer waters have a more continuous food 

supply, long-term energy storage is unnecessary (Benson and Lee, 1972) . High latitude calanoid 

copepods show a rapid accumulation of lipid while active feeding is taking place (Lee, 1974) . 

Lipid content decreases slightly during diapause due to baseline metabolic activity (Campbell et 

al., 2004). Post-diapause, the remaining lipid can be utilized for molting, mating, gonadal 

development, and egg production (Sargent and Falk-Petersen, 1988) .

In the Northern Gulf of Alaska (NGA) a pronounced spring phytoplankton bloom occurs 

during April & May in response to increased light and nutrient availability (Fiechter and Moore, 
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2009) that is exploited by several large-bodied calanoid copepods, specifically three species 

within the genus Neocalanus: N. cristatus, N. flemingeri, and N. plumchrus (Coyle and Pinchuk, 

2003; Mackas and Tsuda, 1999). Nauplii of these species appear in surface water during late 

winter, then capitalize on the spring phytoplankton bloom for growth and development while 

rapidly accumulating lipids.

All three Neocalanus species feed on phytoplankton such as diatoms (Dagg, 1993a), 

heterotrophic dinoflagellates (Strom et al., 2007), ciliates (Kobari et al., 2003), as well as sinking 

particulate organic carbon (Takahashi et al., 2008). Feeding strategies change in response to 

changing environmental conditions (Kleppel, 1993), when food is abundant copepods can afford 

to feed selectively (Cowles et al., 1988). Throughout the spring and into summer N. flemingeri 

and N. plumcrhus reside in the mixed layer (Doi et al., 2010) feeding mainly on phytoplankton 

and microzooplankton, while N. cristatus are suspension feeders that reside directly below the 

mixed layer passively feeding on larger particulate organic matter (Dagg, 1993b) and even upon 

copepod eggs and nauplii (Greene and Landry, 1988). Most copepods, including N. plumchrus 

and N. cristatus, start accumulating lipid at copepodite stage 4 (CIV) while N. flemingeri begins 

accumulating lipid slightly younger at copepodite stage 3 (CIII) (Tsuda et al., 2001; Kobari and 

Ikeda, 1999). Neocalanus species are unique among the Calanidae by having a non-feeding 

adult stage with reduced mouth parts, hence what resides within the lipid sac must fuel both 

diapause and egg production (Conover, 1988).

Neocalanus are an ideal test genus for investigating post-embryonic diapause (Lenz and 

Roncalli, 2019; Roncalli et al., 2018) because they uniquely molt into non-feeding adults and 

mate at depth, instead of at the surface as is typical for other diapausing calanoid copepod 

species (Dahms, 1995). The diapause initiation phase begins when development is halted and 
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metabolic rate is greatly reduced (Κοšál, 2006). There are two opposing theories regarding the 

initiation of diapause in the Neocalanus: the lipid accumulation hypothesis and the 

developmental program hypothesis. According to the lipid accumulation hypothesis, a CV 

copepod would need to accumulate a threshold amount of lipid to provide a signal to descend to 

deeper waters and initiate diapause (Irigoien, 2004). If the lipid accumulation hypothesis is 

supported, we would expect to see animals at depth with similarly filled lipid sacs and animals at 

the surface to show much greater variability in lipid sac content. In the case of the developmental 

program hypothesis, an internal clock, such as a ‘timer' since last molt, could provide the signal 

for CVs to descend, similar to the mechanism identified in insects (Denlinger, 2002; Denlinger 

and Armbruster, 2014; Denlinger, 1986). Evidence in support of the developmental program 

hypothesis in calanoid copepods is poor because it is difficult to observe diapause in-situ and 

equally problematic to initiate in the lab environment (Baumgartner and Tarrant, 2017). If the 

developmental program hypothesis is supported, we would expect to see copepods both at depth 

and at the surface with extremely variable lipid content. To test these expectations, we examined 

the size of lipid sacs present in all three Neocalanus species found within the surface and deep 

water of the NGA across different seasons in multiple years.
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1.3 Methods

1.3.1 Study region

The NGA is a perpetual downwelling ecosystem, characterized by a productive shelf 

adjoining High-Nutrient Low-Chlorophyll waters over the basin. Circulation inshore on the shelf 

is influenced by the Alaska Coastal Current (ACC), a wind- and buoyancy-driven current that 

flows westward along the inner shelf and through PWS fed by freshwater input from river runoff 

(Weingartner et al., 2005; Stabeno et al., 2016). During the summer, the seasonally weakened 

winds lead to a relaxation of the typically downwelling dynamics and brief periods of upwelling 

can occur periodically. During this relaxation, deeper, nutrient rich water penetrates onto the 

shelf that helps support biological production (Childers et al., 2005). The ACC also interacts 

with complex bathymetry of the NGA, including deep canyons, ridges, and submerged fjords 

that help divert deeper, more nutrient rich water into the euphotic zone on the shelf (Ladd et al., 

2005a). Eddies also provide a means of cross-shelf exchange either by entrainment of shelf 

waters and propagation onto the shelf or by interaction with the rough topography and strong 

tides (Ladd et al., 2005b), such that considerable cross-shelf exchange of zooplankton occurs in 

this region (Mackas and Coyle, 2005). Together, the complex interactions of physical, chemical, 

and geological gradients in conjunction with the extreme seasonality of the NGA produce a 

pronounced spring phytoplankton bloom (Strom et al., 2016) that is exploited by zooplankton 

that are adapted to capitalize on this unique environment.

The Seward Line (GAK stations) and Prince William Sound (PWS) span the spectrum of 

cross shelf habitats in the NGA (Figure 1), with most on-shelf Seward Line stations in the range 

of 200-300 m depths, and despite its enclosed nature, stations within PWS range from 350-750 

m. Sea surface temperatures in the Gulf of Alaska were warmer than the 100-year average during 
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the study period, 2018-2020 ((Litzow et al., 2021); Danielson et al in review) and followed the 

anomalous 2014-2016 Pacific Marine Heatwave (Suryan et al., 2021). Warming propagated to 

depth on the shelf intermittently during 2014 to 2020 (Walsh et al., 2018) where populations of 

Neocalanus diapause.

1.3.2 Sample collection and processing

Zooplankton samples were collected on NGA-LTER cruises along the Seward Line and 

within PWS during the summer, spring, and fall of 2018-20 aboard the R/V Sikuliaq, R/V Tiglax 

or the R/V Woldstad. During spring and summer cruises copepods were collected using a 

modified CalVet net (0.25 m mouth diameter, 1 m cylinder and 1.5 m cone) of 150-μm mesh 

hauled vertically from 100 m during the day, then live sorted and imaged. During summer 2019, 

animals were also collected during the night in the drogue net (0-200 m) of a towed Midi 

Multinet (0.25 m2) (Hydro-Bios, Germany), equipped with 500-μm mesh nets, and live sorted 

and imaged the following morning. The towed Multinet fished five discrete depth layers 

including: 0-20, 20-40, 40-60, 60-100, and 100-200 m. During summer 2020, we employed a 

vertically-hauled Midi Multinet of 150-μm mesh (fished during the day) for these same strata 

that were live-sorted and imaged immediately after collection to improve specimen quality. 

During summer and fall of all years at one or two deep-water Seward Line stations, and one or 

two PWS stations, we also fished the vertically-hauled Multinet at four additional depths: 200

300, 300-400, 400-600 and 600-1200 m (or 600-720 for PWS). A flowmeter installed in each net 

quantified the volume of water filtered. We targeted Neocalanus flemingeri, Neocalanus 

plumchrus and Neocalanus cristatus for sorting, staging, and imaging from each of these strata.

Up to 60 individuals of each stage for each species were analyzed, if present. The 

Neocalanus specimens were selected individually from homogenized temperature-regulated 
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subsamples using a ladle or wide-bore plastic pipette. Only living, apparently undamaged 

individuals with intact lipid sacs (Figure 2) were sorted and imaged using a Leica MZ16 

microscope with either a Spot 4Mpx, Jenoptik 8Mpx, or Spot 12Mpx digital camera. Depending 

on stage and species, just prior to imaging three to fifteen animals were placed in a chilled 

embryo dish then water was reduced so animals shifted onto their sides (with gentle 

manipulation as needed). For every magnification setting, a calibration scale bar was added to 

the images. The calibrated images were later analyzed using Spot Software (V4.7 or 5.3) for 

determination of the prosome length (measured as maximum) and prosome width (measured 

from top of prosome to base of maxillipeds), the lipid sac length (measured from most anterior 

point to most posterior point), and lipid sac width (measured starting at the point closest to the 

base of the maxillipeds (ventral point) to most dorsal point). Adobe Photoshop (version CS6) 

was utilized to measure lipid sac area using the quick select tool to help demarcate the perimeter 

of the lipid sac. The number of pixels within the perimeter of the lipid sac was converted to area 

(mm2) using the pixel-to-μm calibration associated with each image.

To calculate lipid sac volume, we first assumed the lipid sac to be a cylinder. We used the 

ratio of the theoretical (length × width) to the measured lipid sac area to find the average 

diameter of the cylinder in order to account for the varying height and shape of the lipid sac. We 

then used this average diameter to create an adjusted height and estimate the volume of the lipid 

sac (Equation 1).

V = pi × (adjusted-height of lipid sac/2)2 × length of lipid sac (Eq. 1)

Percent lipid was calculated by dividing lipid sac volume by prosome (body) volume that 

was calculated as an oblate spheroid (Equation 2).

Percent Lipid = V / 4/3 × pi × (width of prosome/2)2 × (length of prosome/2) (Eq. 2)
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1.3.3 Data processing and statistical analyses

All statistical analyses were performed in R Studio (The R Foundation for Statistical 

Computing Platform, 2020). A one-way ANCOVA (Analysis of Covariance) was conducted to 

compare the difference in lipid sac area, lipid volume and percent lipid over time, season, 

location, and depth whilst controlling for prosome length. We ran ANCOVA statistics tests 

despite lipid content being non-normally distributed therefore these tests may not be appropriate 

for distinguishing differences. A one-way ANOVA (Analysis of Variance) test was conducted to 

compare interannual variability in lipid content at depth versus at the surface. The post hoc 

Tukey Honest Significance Difference (HSD) test was conducted to test means for significance.

For N. cristatus and N. plumcrhus, C4 and C5 specimens were analyzed separately 

grouped by stage. N. flemingeri C4 specimens were analyzed separately from C5 and C6 

specimens that were often analyzed together (because only one stage occurred within a 

collection). We define depth intervals as surface (0-100m), mid-depth (100-200m), and at depth 

(200-1200m).

To further access the relationship between lipid content and body size, for each 

Neocalanus species, lipid sac area data was regressed against prosome length for those at the 

surface and at depth by season. The residuals above the line (positive values ~50% of data) were 

then fitted to another regression line, with the residuals above this new line (positive values 

~25% of ) fitted to a final regression line. This final regression line is what we suggest as an 

upper lipid sac area domain, or “apparent maximum” threshold that is achievable and helped 

facilitate comparison of animals at depth (solid black lines) to those at the surface. Although we 

are routinely grouping lipid sac area and volume data as independent variables, there is a 

19



confounded relationship to prosome length that will presented later in the results (see Section 

5.4).

1.4 Results

1.4.1 Neocalanus flemingeri

Both CIV and CV N. flemingeri were only observed in the surface waters (0-100 m) 

during the spring while actively feeding on the bloom, at which time CIV specimens had a mean 

prosome length of 2587 with a standard error (95% confidence limits, will be continued 

throughout thesis for all data) of 21 μm and CV specimens had an average prosome length of 

3398 ± 19 μm (Figure 3). Both N. flemingeri CIVs and CVs were absent by summer having 

developed and molted into adult copepods (CVI) (Prosome Length (PL) = 3687 ± 25 μm) that 

had begun descent and were mostly concentrated in the mid-depth (100-200 m) or deeper 

(Figure 3).

By fall, N. flemingeri CVIs (PL = 3834 ± 29 μm) were concentrated at depth (200-1200 

m) in diapause (Figure 3). Although the mean prosome lengths appear to be different between 

summer and fall 2019 (Figure 4), this is an artifact: summer 2019 contains data from both the 

Seward Line stations and PWS while fall 2019 contains data from only PWS; where prosomes 

tend to be larger (3736 ± 34 μm) than those on the Seward Line (3446 ± 35 μm).

Spring N. flemingeri CIV specimens (0.34 ± 0.02 mm2) had significantly less lipid sac 

area than CVs in the same season (1.1 ± 0.04 mm2) (Figure 4) showing that lipid storage 

increases with increasing stage in N. flemingeri. By summer, N. flemingeri CVs lipid sac area 

(1.6 ± 0.04 mm2) had increased significantly (p = <0.001) but did not change significantly into 

fall (1.6 ± 0.05 mm2) (Figure 4). There was significant interannual variability in lipid sac area of 

N. flemingeri CVs (Table 1).
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Neocalanus flemingeri specimens showed that there was a significant (p = <0.001) 

increase in lipid sac volume between stage CIV (0.07 ± 0.01 mm3) and CV (0.45 ± 0.03 mm3) in 

surface waters during spring (Figure 5) showing that CVs are able to store more lipid per body 

length than CIVs. By summer, N. flemingeri CVIs had significantly higher (p = <0.001) lipid sac 

volume (0.59 ± 0.02 mm3) than CVs in spring and remained stable (p = 0.384) into fall (0.62 ± 

0.03 mm3). There was significant (p = 0.03, p = <0.001) difference in lipid sac volume of CVI N. 

flemingeri (Table 2) between 2020 (0.64 ± 0.03 mm3) and 2018 (0.54 ± 0.05 mm3) and 2020 and 

2019 (0.54 ± 0.03 mm3) but there was no significant difference between 2019 and 2018 (p = 

0.988).

Similarly, among N. flemingeri specimens there was a significant (p = <0.001) difference 

in percent lipid between CIV (6.9 ± 0.55 %) and CV (18.1 ± 0.8 %) in spring (Figure 6). There 

was a significant increase (p = <0.001) in percent lipid from CVs in spring to CVIs in summer 

(20.3 ± 0.4 %), followed by no significant change (p = 0.355) in percent lipid of CVIs from 

summer to fall (19.4 ± 0.6 %). There was significant interannual variability in percent lipid of N. 

flemingeri (Table 3).

There was also significant interannual variability in lipid sac volume and percent lipid of 

CVs in the surface between all years (Table 4). At the surface, 2019 lipid sac volume (0.36 ± 

0.05 mm3) and percent lipid (15.9 ± 1.4 %) were significantly different (p = 0.035, p = 0.023; p = 

<0.001, p = <0.001) from 2018 (0.45 ± 0.05 mm3; 18.6 ± 1.5 %) and 2020 (0.53 ± 0.05 mm3; 

19.8 ± 1.3 %), but 2020 and 2018 were not significantly different from each other (p = 0.050, p = 

0.471). There was no significant difference in lipid sac volume of CVIs at depth between years 

but there was a significant difference in percent lipid at depth (Table 4). At depth, all years were 

significantly different from one another (p = <0.001, p = 0.002, p = 0.006) for percent lipid; 2018 
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(17.2 ± 1.1 %), 2019 (21.8 ± 1.3 %), 2020 (19.7 ± 0.5 %) but there was no significant difference 

(p = 0.548, p = 0.080, p = 0.648) in lipid volume between years; 2018 (0.54 ± 0.05 mm3), 2019 

(0.66 ± 0.07 mm3), 2020 (0.63 ± 0.03 mm3).

1.4.2 Neocalanus plumchrus

During spring, CIV (PL = 2869 ± 10) and CV (PL = 3822 ± 13 μm) stages of N. 

plumcrhus were present in the surface waters presumably feeding (Figure 3). By summer, N. 

plumcrhus specimens had molted almost entirely into CVs (PL = 3787 ± 11 μm), occurring 

across all depth layers with few CIVs (PL = 2703 ± 25 μm) present (Figure 3). By fall, almost 

all N. plumcrhus CVs (PL = 3833 ± 16 μm) had descended to depth in preparation for diapause 

(Figure 3). The effect of location on prosome length that was found for N. flemingeri was not 

detected in N. plumcrhus specimens.

CIV N. plumchrus specimens had significantly (p = <0.001) larger lipid sac areas during 

spring (0.32 ± 0.02 mm2) than the CIVs present in summer (0.18 ± 0.03 mm2) (Figure 4) but the 

CIV stage was absent by fall. Neocalanus plumchrus CVs specimens showed a significant (p = 

<0.001, p = <0.001) increase in lipid sac area from spring (1.0 ± 0.04 mm2) to summer (1.4 ± 

0.04 mm2) to fall (1.6 ± 0.03 mm2) (Figure 4).

CIV N. plumchrus specimens showed a significant (p = <0.001) difference in lipid sac 

volumes between animals sampled in spring (0.05 ± 0.004 mm3) and CIVs sampled in summer 

(0.03 ± 0.009 mm3) (Figure 5). Neocalanus plumchrus CV specimens showed a significant 

increase (p = <0.001, p = <0.001) in lipid sac volume from spring (0.32 ± 0.02 mm3) to summer 

(0.52 ± 0.03 mm3) before a significant increase (p = 0.020) into fall (0.56 ± 0.02 mm3) (Table 2). 

There was significant interannual variability in lipid sac volume of N. plumchrus (Table 2). In 

spring, N. plumchrus CIV and CV specimens, taken together, had significantly less (p = <0.001, 
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p = <0.001) lipid volume (0.13 ± 0.04 mm3) and percent lipid (5.5 ± 1.2%) in 2019 than 

conspecifics in 2018 (0.21 ± 0.03 mm3; 9.2 ±0.86%) or 2020 (0.33 ± 0.03 mm3; 12.3 ± 0.92%) 

(Figure 5), 2019 and 2018 were also significantly different (p = 0.013). In summer, CV N. 

plumchrus in the surface had significantly more (p = <0.001, p = <0.001) lipid volume in 2020 

(0.76 ± 0.04 mm3) than specimens present in 2018 (0.16 ± 0.08 mm3) or 2019 (0.21 ± 0.05 mm3) 

(Figure 5), 2019 was not significantly (p = 979) different from 2018. Overall, N. plumchrus CV 

specimens showed a significant (p = <0.001) increase in lipid sac volume from spring (0.32 ± 

0.02 mm3) to summer (0.52 ± 0.03 mm3) before significantly increasing (p = 0.020) into fall 

(0.56 ± 0.02 mm3).

CIV N. plumchrus specimens had higher percent lipid during spring (4.7 ± 0.30 %) than 

CIVs present during summer (2.9 ± 0.88 %) (Figure 6). N. plumchrus CV specimens showed a 

significant increase (p = <0.001) in percent lipid from spring (12.1 ± 0.73 %) to summer (18.8 ± 

0.82 %) before a significant (p =0.03) increase into fall (20.1 ± 0.58 %) (Table 3). There was 

significant interannual variability in percent lipid of N. plumchrus (Table 3).

There was significant interannual variability in both lipid volume and percent lipid of N. 

plumchrus between all years at the surface (Table 4). At the surface, 2019 lipid sac volume (0.15 

± 0.02 mm3) and percent lipid (7.0 ± 0.97 %) were different (p = <0.001, p = <0.001; p = <0.001, 

p = <0.001) from 2018 (0.39 ± 0.05 mm3; 14.0 ± 1.4 %) and 2020 (0.43 ± 0.03 mm3; 15.8 ± 0.75 

%), 2018 and 2020 were not significantly different from each other (p = 0.209, p = 0.053). At 

depth there was no significant difference (p = 0.342, p = 0.999; p = 0.299, p = 0.992) in lipid sac 

volume and percent lipid between 2019 (0.56 ± 0.06 mm3; 20.2 ± 1.63%) and 2018 (0.64 ± 0.14 

mm3; 20.2 ± 2.6 %) and 2018 and 2020 (0.56 ± 0.02 mm3; 20.4 ± 0.45 %) Additionally, there 
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was no significant difference in lipid sac volume and percent lipid (p = 0.989, p = 0.955) 

between 2019 and 2020.

1.4.3 Neocalanus cristatus

Neocalanus cristatus CIV specimens (PL = 4483 ± 75 μm) occurred only in the surface 

layer during spring (Figure 3) in addition to the first CVs (PL = 6461 ± 44 μm) of the season. 

During summer, N. cristatus CIVs had molted to become CVs (PL = 6427 ± 36 μm) and 

occurred at all depth layers (Figure 3). By fall, N. cristatus specimens consisted of almost 

entirely CVs (PL = 6544 ± 33 μm) that had descended to depth (Figure 3).

Neocalanus cristatus specimens showed a significant (p = <0.001) increase in lipid sac 

area by stage from CIVs (0.23 ± 0.07 mm2) and CVs (1.1 ± 0.2 mm2) during spring to CVs 

during summer (1.5 ± 0.2 mm2). But animals from fall (1.7 ± 0.2 mm2) did not have significantly 

(p = 0.14) more lipid sac area than those from summer (Figure 4) suggesting that it is more 

difficult for N. cristatus CVs to store lipid in fall than in summer. There was no interannual 

variability in the lipid sac area of N. cristatus but there was a significant difference between 

depths whilst adjusting for prosome length (Table 1).

Neocalanus cristatus specimens showed a significant (p = 0.001, p = 0.003) increase in 

lipid sac volume from CIVs (0.04 ± 0.02 mm3) and CVs during spring (0.44 ± 0.15 mm3) to CVs 

during summer (0.68 ± 0.12 mm3) but there was not a significant (p = 0.600) change from 

summer to fall in CVs (0.76 ± 0.12 mm3) (Figure 5). There was no significant difference in the 

lipid sac volume of N. cristatus over the study period (Table 2).

Similarly, N. cristatus specimens showed a significant (p = 0.002, p = <0.001) increase 

in percent lipid from CIVs (0.83 ± 0.28 %) and CVs of spring (3.7 ± 1.2 %) to CVs of summer 

(6.7 ± 1.0 %) but there was not a significant (p = 0.672) change from summer to fall (6.4 ± 1.0 
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%) (Figure 6). Overall, N. cristatus showed seasonal variability in percent lipid (Table 3) but 

did not display interannual variability.

There was no detectable interannual variability in lipid sac area, lipid sac volume, nor 

percent lipid in N. cristatus in the surface and at depth (Table 4). Animals present in 2018 (0.56 

± 0.27 mm3) contained similar (p = 0.319, p = 0.339) lipid content to animals in 2019 (0.83 ± 

0.30 mm3) and 2020 (0.66 ± 0.08 mm3), there was also no significant difference between 2020 

and 2018 (p = 0.798). Animals at both the surface and depth contained similar lipid content.

1.4.4 Lipid storage variability in Neocalanus species

The results (Figure 7) for N. flemingeri CV specimens observed in surface waters and 

CVI females observed at depth, analyzed separately, showed a rising upper limit of lipid sac 

volume as prosome length increased. CVI females from depth carried significantly (p = <0.001) 

more lipid (0.62 ± 0.02 mm3) than CV specimens from surface waters (0.45 ± 0.03 mm3) (Figure 

7). N. flemingeri CVs from the surface during spring had a similar range of lipid sac volume 

measurements (0 - 2.0 mm3) to those from depth during summer and fall (0.09 - 1.9 mm3) 

(Figure 7). The “apparent maximum” line for surface data (in green) is offset from the line for 

depth data (in black) because N. flemingeri have molted from CV to adult females and thereby 

increased proportionately in size.

The results (Figure 8) for CV N. plumchrus specimens observed in surface waters and at 

depth showed a rising upper limit of lipid sac volume as prosome length increased. Similar to N. 

flemingeri, N. plumchrus at depth during summer and fall also carried significantly (p = <0.001) 

more lipid (0.56 ± 0.02 mm3) than those from surface waters from spring and summer (0.37 ± 

0.02 mm3) (Figure 8). N. plumchrus from the surface had a wider range of lipid sac volume 

measurements (0 - 1.8 mm3) than those from depth (0.06 - 1.4 mm3) (Figure 8) and despite the 
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mean regression line for depth being higher than the surface line, the “apparent maximum” lines 

for both depths were overlapping providing some support for the lipid accumulation hypothesis. 

The average lipid sac volume of animals at depth during the summer and fall was closer to the 

“apparent maximum” line than that of animals present in the surface during spring and summer.

Specimens of CV N. cristatus at depth carried significantly (p = <0.001) more lipid (0.92 

± 0.12 mm3) than those from surface waters (0.60 ± 0.16 mm3) (Figure 9). N. cristatus from the 

surface (0 - 3.0 mm3) had a narrower range of lipid sac areas than those from depth (0 - 5.1 

mm3). Both the mean regression line and “apparent maximum” line for depth data showed that 

lipid sac volume did not increase with increasing prosome length as observed in the other two 

Neocalanus species. There appears to be a slight upward trend in lipid content in surface 

specimens, but the confidence interval in low likely due to small sample size. Overall, there was 

not a discernable relationship between prosome length and lipid sac volume in N. cristatus 

specimens in the surface waters nor at depth (Table 4).

Both N. flemingeri and N. plumchrus showed evidence of an “apparent maximum” 

threshold lipid sac volume that can be achieved, which scales with prosome length (Figure 7, 8). 

Neocalanus cristatus did not show evidence of an “apparent maximum” as data points display a 

random scatter and overwhelmingly linear regression lines (Figure 9).

1.5 Discussion

This study shows that there are species-specific temporal and spatial patterns of lipid 

accumulation between and within Neocalanus in the NGA, despite some overall similarities. As 

expected, prosome length of each Neocalanus species increased with increasing stage. Similarly, 

we found that animals with longer prosome lengths are capable of acquiring and carrying more 

lipid per body volume than smaller animals. There were notable differences in the ability of 
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species to accumulate lipids at difference life-stages, and the timing of that accumulation in 

surface and deep waters.

1.5.1 Lipid Content of Neocalanus

We propose that lipid sac area is not as accurate a measurement of lipid content as lipid sac 

volume and percent lipid; volume better describes the content of a 3D spheroid (the lipid sac) 

than area by accounting for the third dimension. The remainder of the discussion will thus focus 

upon only lipid sac volume and percent lipid.

To compare Neocalanus species, we look at percent lipid as it is based on individual body 

size of a zooplankter. Lipid storage was so minimal in CIII specimens of Neocalanus, accounting 

for <1% in percent lipid, that no comparison was done. CIV N. flemingeri (6.9 ± 0.5%) carried 

more lipid than CIV N. plumchrus (4.7 ± 0.3%) and CIV N. cristatus (0.83 ± 0.20%) specimens 

in the same season. Neocalanus flemingeri has also been found to carry more lipid content than 

N. plumcrhus in the literature (Tsuda et al., 2001) . CV N. flemingeri (18.1 ± 0.9%) also carried 

more lipid than CV N. plumchrus (12.1 ± 0.7%) and CV N. cristatus (3.7 ± 1.2%) specimens in 

spring. From spring to summer as CIVs molted to CVs, N. flemingeri showed the highest rate of 

lipid accumulation followed by N. plumchrus and N. cristatus. CVI N. flemingeri (20.0 ± 0.3%) 

had more lipid stored than CV N. plumchrus (18.8 ± 0.6%) and CV N. cristatus (5.8 ± 1.0%) 

specimens in summer. In CVs however, N. plumcrhus showed the highest rate of lipid 

accumulation from spring to summer followed by N. flemingeri then N. cristatus, which showed 

a similar lipid accumulation rate to CIVs. Percent lipid remained stable from summer to fall in N. 

flemingeri (19.4 ± 0.6%) and N. cristatus (6.4 ± 1.0%). Percent lipid in N. plumchrus decreased 

from summer to fall (20.1 ± 0.6%)
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Overall, for N. flemingeri, lipid content increased from spring to summer but remained stable 

from summer into fall as animals molted into non-feeding adults (Miller and Clemons, 1988; 

Roncalli et al., 2018). Neocalanus plumcrhus and N. cristatus stored lipid throughout spring, 

summer but not into fall (Miller et al., 1984). Neocalanus cristatus accumulated significantly 

less lipid than the other two species and did not display patterns that make sense for an animal 

with a one-year life cycle. Multiple authors have suggested that N. cristatus may reproduce 

continuously (Miller et al., 1984; Dagg, 1993b), but this notion remains controversial. Our data 

does show that N. cristatus CIVs and CVs do not consistently store as much lipid as N. 

flemingeri and N. plumchrus conspecifics. The high prevalence of animals at depth with either a 

partially filled or completely empty lipid sac suggests that N. cristatus would need to exploit a 

second feeding season to be capable of reproduction. From these observations, we hypothesize 

that N. cristatus likely has a two-year life cycle in the NGA, consistent with other observations 

that N. cristatus displays atypical behavior for a one-year lifecycle (Miller et al., 1984). 

Neocalanus cristatus may also accumulate lipids more slowly than the other two species due to 

consumption of lower quality food while residing below the mixed layer instead of within it 

(Greene and Landry, 1988; Kobari and Ikeda, 1999).

1.5.2 Neocalanus Lifecycles

In addition to providing a commentary about lipid accumulation, our depth-stratified 

sampling approach can provide some insight into the lifecycles of Neocalanus in the NGA 

during 2018-20. In spring, CIV and CV stages of all three Neocalanus species were present in 

the upper 100 meters, presumably feeding on the spring phytoplankton bloom. Neocalanus 

flemingeri were mostly absent from the surface water by summer having molted into adults 

during descent to depth (RR Hopcroft, unpublished data). By summer, all N. cristatus had 
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apparently molted into CVs with no CIV present (Figure 5). In comparison, most N. plumchrus 

had become CVs, but CIV were still present (Figure 5). CV specimens of both species were 

present at all depth layers suggesting that some animals were still accumulating lipids and 

moving between depths (Figure 5). The few remaining CIV N. plumchrus in summer had 

significantly lower lipid sac volumes than those present in spring (Figure 5) suggesting that 

these did not have enough time, or quantity/quality of food, to accumulate adequate lipids and 

continue development as with most CIVs present in spring. By fall, all three Neocalanus species 

had reached depth with the exception of a few N. cristatus that remained within the surface.

Neocalanus flemingeri were the first species to stop feeding and storing lipid then to 

descend, presumably when they reach threshold lipid content. The appearance of adults (CVI) 

only below 100 m depth suggests that N. flemingeri CVs may molt during the process of descent 

in the Gulf of Alaska instead of at depth as is currently accepted in the literature (Lenz and 

Roncalli, 2019; Roncalli et al., 2018). Our data suggests that N. plumchrus store lipid throughout 

the spring and into summer before the population has completed descended by fall, consistent 

with expectations (Tsuda et al., 1999, 2001). Most specimens of N. cristatus were observed 

between 200 and 1200 meters, while some individuals still remained in the surface and at mid

depth.

The Neocalanus species complex partition the aquatic environment through vertical 

division of habitat usage (Mackas et al., 1993; Coyle and Pinchuk, 2005), differences in diet 

(Saito and Tsuda, 2000), and slightly offset spawning windows (Miller and Clemons, 1988; 

Mackas and Tsuda, 1999) but still display overlapping ecosystem function in the NGA. With 

respect to differences in spawning time, N. flemingeri molt and mate before entering diapause, 

thus they have the advantage of starting oogenesis immediately following diapause termination.
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This allows N. flemingeri to begin releasing eggs first in an attempt to have nauplii arriving in 

the surface around the time of the spring bloom (Lenz and Roncalli, 2019). Neocalanus 

flemingeri begins spawning in winter (Miller and Clemons, 1988) when downwelling favorable 

winds are strongest, facilitating the transport of their nauplii onto the shelf and into some of the 

coastal fjords including PWS (Niebauer et al., 1994) just before the spring phytoplankton bloom 

begins on the shelf (Coyle et al., 2013; Cooney et al., 2001). Animals that don't arrive just 

before or during the spring bloom, may arrive too early before the bloom and starve, while those 

arriving late may be unable to accumulate sufficient lipid stores (Irigoien, 2004; Lee et al., 

2006). The cost of arriving to the spring bloom late is an extended stay in the surface waters in 

an attempt to accumulate enough lipid stores before descent. Neocalanus plumchrus CVs display 

similar percent lipid to N. flemingeri CVIs, but N. plumchrus was present in the surface water for 

longer (Figure 5) perhaps because they needed more time to acquire the same amount of lipid. 

Neocalanus cristatus does not appear to store nearly as much lipid as the other two Neocalanus 

species, but perhaps that is because they potentially have a two-year lifecycle and accumulate 

lipids over multiple years (Conover, 1988; Kobari and Ikeda, 1999). While this may be the case, 

only a few adult N. cristatus were observed during the entire observation period of the study 

suggesting the majority must be present during winter, rather than spawning year-round.

Overall, Neocalanus flemingeri appear to be the most adapted to the coastal NGA 

environment as they molt into adults and mate at depth before beginning diapause. N. plumchrus 

and N. cristatus diapause as C5s but they molt into adults and mate at depth long before other 

copepods in the NGA have begun reproduction. Thus, Neocalanus nauplii and copepodites are 

primed to take advantage of the spring phytoplankton bloom before other species can get there 

(Lee et al., 2006). If one Neocalanus species does poorly any given year, there are two other 
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conspecifics with similar ecological function that may compensate for the other species. 

Evidence of such functional redundancy (Ehrlich and Ehrlich, 1981) is thought to confer 

resiliency to the Neocalanus species complex in the NGA.

1.5.3 Lipid Accumulation in Copepods

Lipid accumulation has been well-studied in several other genera within the family 

Calanidae (Miller et al., 2000), mainly the genus Calanus. Our data indicates that Neocalanus 

proportionately increase lipid volume with increasing body size; this relationship has been 

observed in Calanus glacialis (Zarubin et al., 2014) and Calanus finmarchicus in the Arctic 

(Miller et al., 2000) as well as Calanus pacificus in the subarctic Pacific (Hakanson, 1984; Lee et 

al., 2006)). However, Neocalanus copepods have an advantage over other lipid-storing 

copepods. Similar to the Sub-arctic Calanid, C. finmarchicus, the Neocalanus species complex 

displays high intraspecific variability in lipid sac area over time (Vogedes et al., 2010), 

dissimilarly Neocalanus have non-feeding adults while Calanus adults supplement their lipid 

stores with active eating. Calanus finmarchicus uses a significant portion (45%) of lipid stores 

during diapause, the ascent process and maturation, leaving little to fuel reproduction 

(Jónasdóttir, 1999). Neocalanus, however, have adapted to avoid this huge loss of lipid by 

molting and mating at depth, such that nearly all of the lipid remaining after overwintering is 

available to utilize for reproduction.

Calanus finmarchicus has been documented to use ~5% of stored lipid during 

overwintering in <0°C Norwegian Sea Deep Water (Jónasdóttir, 1999). Laboratory experiments 

on N. plumchrus suggest they can use up to 28% of their lipid reserves at 9°C (Campbell et al., 

2004) before molting, mating and producing eggs. However, maintaining copepods in a diapause 

state in the laboratory is inherently difficult, and the depths at which Neocalanus diapause in the
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NGA typically experience temperatures of 3-4°C, suggesting the actual respiration rates could be 

much lower and consistent with our observations that suggested minimal change in lipids volume 

in the ~60 days between our summer and fall cruises.

1.5.4 Diapause Strategies of Neocalanus

It has been postulated that C. finmarchicus enter diapause only if they have accumulated 

enough lipid for overwintering, molting, mating, and spawning (Johnson et al., 2008) consistent 

with the lipid accumulation hypothesis. Neocalanus copepods in this study showed individual, 

yet similar lipid accumulation behaviors to each other and to C. finmarchicus including evidence 

for both diapause strategies. The two diapause strategies that we investigated in this study are the 

lipid accumulation hypothesis and developmental program hypothesis. If the lipid accumulation 

hypothesis is correct, we would expect to find animals at depth with similarly full lipid sacs but 

if the developmental program hypothesis is supported then it would be possible and probable to 

see animals at depth with variable, and often low lipid volumes.

Lipid sac volume and percent lipid of both N. flemingeri and N. plumchrus in the surface 

were lower in 2019 as compared to 2018 and 2020, which is consistent with warmer 2019 SST 

and diminished feeding opportunities for Neocalanus (Litzow et al., 2021). At depth, N. 

plumchrus displayed no significant different in lipid sac volume and percent lipid between all 

years, providing some support for the lipid accumulation hypothesis. Neocalanus flemingeri at 

depth, however, showed significant interannual variability in percent lipid but no significant 

difference in lipid sac volume. Overall, interannual variability in lipid content at the surface and 

consistency at depth (Table 4) in N. plumchrus across all metrics and in N. flemingeri for lipid 

sac volume, provide compelling evidence for the lipid accumulation hypothesis, but not as the 

exclusive diapause strategy being utilized. Neocalanus cristatus showed significant seasonal 
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differences as well as differences across depth strata, however we were unable to detect any lipid 

accumulation patterns in N. cristatus likely due to high variability of data and relatively low 

sample size, confounded by our speculation that N. cristatus may have a two-year lifecycle. In 

addition, N. cristatus had significantly lower lipid content compared to N. flemingeri and N. 

plumchrus which could be evidence supporting the developmental program hypothesis, if it is 

not the result of another factor such as a two-year lifecycle.

Both N. flemingeri and N. plumchrus showed evidence of a rising upper limit of lipid sac 

volume to prosome length for animals at depth that provide at least partial support for the lipid 

accumulation hypothesis. Apparent maxima lines for N. flemingeri CV and CVI (Figure 7) are 

offset due to the shift in prosome length but are relatively similar if you adjust simply for the 

proportional increase in body length while holding lipid volume unchanged. Neocalanus 

plumchrus (Figure 8) showed overlapping lipid content maxima lines for animals in the surface 

and at depth, suggesting that there is a threshold lipid content that is achievable. This finding 

also provides support for the lipid accumulation hypothesis. In contrast, Neocalanus cristatus did 

not show evidence of an “apparent maximum” lipid content but did show a wide range of lipid 

content both at depth and in the surface (Figure 9). However, N. cristatus did display an 

extended range of lipid at depth as well as a higher mean lipid content at depth. Additionally, 

there were N. cristatus at depth with empty lipid sacs which could indicate that they recently 

consumed all their lipid stores, that they may not be in diapause, or it could be evidence of the 

developmental program hypothesis.

Our data indicates that there is evidence of multiple (or simultaneous) diapause strategies 

being used by N. flemingeri and N. plumchrus in the NGA which has been suggested in the 

literature for N. plumchrus populations (Campbell et al., 2004). There is likely greater influence 
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by the lipid accumulation hypothesis and perhaps secondarily by the developmental program 

hypothesis. Neocalanus cristatus did not show concrete evidence for either diapause strategy.

1.5.5 Future Outlook

The lifecycles of the Neocalanus species complex are highly coupled to the seasonal cycles 

in the NGA. While primary productivity is low for most of the year, the spring phytoplankton 

bloom offers Neocalanus copepods a window of time to accumulate and store lipid. Diapause is 

an adaptation that has allowed Neocalanus to optimize their survival and reproduction. However, 

the success of Neocalanus offspring survival is dependent on correctly timing their growth 

phase, and presence in surface waters, to the spring phytoplankton bloom. As marine heatwaves 

are predicted to increase in frequency and duration (Joh and di Lorenzo, 2017; Oliver et al., 

2018) it is of critical importance that we better understand their impacts upon resource/lipid 

acquisition in key prey sources in the NGA, such as Neocalanus copepods.

The size of a zooplankter is partially influenced by temperature, lower temperatures favor 

larger copepods because they have lower metabolic demands, and higher temperatures favor 

smaller animals due to higher metabolic demands (Vidal, 1980b, 1980a; Johnson et al., 2008). 

Lipid accumulation follows a similar trend; thus, we would expect animals to be less efficient at 

acquiring lipids in warmer water. In addition to temperature, food availability greatly contributes 

to the final body size and condition of a copepod (Horne et al., 2016). Our data indicates that the

2018 and 2019 marine sea surface temperature warming was warm enough to significantly 

disrupt the physiological processes of Neocalanus flemingeri and N. plumchrus preparing for 

diapause. Our data indicates that overall N. flemingeri stored less lipid in 2019 and 2018 as 

compared to conspecifics in 2020, in addition, N. plumchrus stored significantly less lipid in

2019 as compared to 2018 and 2020, which correlates with the re-intensification of warming 
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trends in late 2018 (Cornwall, 2019) and lower chlorophyll in 2018-19 (Strom, LTER 

unpublished data).

Suryan et al. (2021) found that zooplankton abundance was largely unaffected during the 

2014-2016 marine heatwave, despite lipid data from 2016 that shows that animals had significant 

variability in lipid content at depth and lower lipid sac content on average after several years in a 

row of an intense marine heatwave (RR Hopcroft, unpublished data). Despite suggestion that 

calanoid copepods are potentially capable of utilizing more than one diapause initiation strategy 

(Hobbs et al., 2020), as the ocean continues to warm, we could expect to see Neocalanus with 

less lipid content. Our data indicated that CIV and CV N. plumchrus stored significantly less 

lipid content in 2018 and 2019 as compared to 2020. We predict that a warmer NGA would 

potentially disadvantage N. plumchrus because they are typically present, and attempting to 

accumulate lipid, in the surface during the summer when the warmest SST were recorded 

(Suryan et al., 2021). Neocalanus flemingeri may also be impacted by higher SST because 

surface warming would change the timing of the spring bloom, disrupting the highly coupled 

timing of the growth phase to the peak of large-celled spring bloom (Strom et al., 2007), as 

witnessed in modeling studies of C. finmarchicus (Gentleman et al., 2008). On the other hand, N. 

plumchrus may see an advantage in a warmer NGA since their diet consists of mostly small- 

celled (<5 μm) phytoplankton (Dagg et al., 2006), that become more abundant than large cells 

during warming events in the NGA We expect that higher water temperatures and less quality 

food will contribute to shorter prosome lengths (smaller animals) and proportionately less 

accumulated lipid.

As the ocean warms, if the lipid accumulation hypothesis is correct, we would expect to find 

animals spending an extending amount of time in the surface feeding before descent and 
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potentially unable to accumulate sufficient lipids to trigger descent. If the developmental 

program hypothesis is correct, animals would descend at about the same time every year but 

likely have less lipid stored to utilize for diapause and later reproduction. The lipid accumulation 

hypothesis offers more flexibility in descent time and would confer a greater advantage to 

Neocalanus than the developmental program hypothesis.

1.6 Conclusion

Lipid accumulation was studied in three species of Neocalanus in the Northern Gulf of 

Alaska to plot the physiological progress before diapause. All species exhibit similar but distinct 

diapausing strategies that are timed to seasonal changes in the environment to postpone 

reproduction and optimize survival of offspring. Lipid content increased proportionately with 

increasing stage and prosome length in all three Neocalanus species. Lipid content increased 

over the seasonal progression until time of diapause initiation in all species. Neocalanus 

plumchrus displayed evidence for the lipid accumulation hypothesis and N. cristatus loosely 

displayed evidence for the developmental program hypothesis while N. flemingeri showed 

support for both hypotheses. We hypothesize that the Neocalanus species complex would benefit 

the most from the lipid accumulation hypothesis being correct, while utilizing multiple 

diapausing strategies may confer resilience, to a point, in a warming ocean.
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1.7 Figures

Figure 1.1 Sampling stations within the Northern Gulf of Alaska and Prince William Sound.
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Figure 1.2 (A) A round, well filled lipid sac, and (B) thin and poorly filled lipid sacs, upper lipid 
sac defined by blue dashed line.
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Figure 1.3 Prosome length of Neocalanus by copepodite stage in the Northern Gulf of Alaska 
during 2018-2020.

Box length represents the interquartile range from the 25th percentile to the 75th percentile. 
Whiskers represent the bottom fourth of the data and the top fourth of the data, dots represent 
outliers from the group average. Sample size indicated under each box.
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Figure 1.4 Lipid sac area of Neocalanus by copepodite stage in the Northern Gulf of Alaska 
during 2018-2020.
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Figure 1.5 Lipid sac volume of Neocalanus by copepodite stage in the Northern Gulf of Alaska 
during 2018-2020.
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Figure 1.6 Percent lipid of Neocalanus by copepodite stage in the Northern Gulf of Alaska 
during 2018-2020.
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Figure 1.7 Lipid storage variability for Neocalanus flemingeri in the Northern Gulf of Alaska 
during 2018-2020.

Observations from depth in fall are shown in black, summer are shown in deep blue, and the 
surface in spring in green. The accompanying dashed lines are the smoothed conditional means 
of each data set (surface vs depth). Grey ribbons indicate 95% CI of the line. Solid lines 
represent the “apparent maximum” threshold of lipid sac volume which is an arbitrary upper 
limit excluding approximately 25% of the data points. Grey lines are indicative of surface data, 
black lines of depth data.
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Figure 1.8 Lipid storage variability for Neocalanus plumchrus in the Northern Gulf of Alaska 
during 2018-2020.

Observations from depth in fall are shown in black, depth in summer in deep blue, surface 
summer data are shown in light blue, and surface spring in green. The accompanying dashed 
lines are the smoothed conditional means of each data set (surface vs depth). Grey ribbons 
indicate 95% CI of the line. Solid lines represent the “apparent maximum” threshold of lipid sac 
volume which is an arbitrary upper limit excluding approximately 25% of the data points. Grey 
lines are indicative of surface data, black lines of depth data.
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Figure 1.9 Lipid storage variability in Neocalanus cristatus in the Northern Gulf of Alaska 
during 2018-2020.

Observations from fall depth are shown in black, summer depth are shown in dark blue, and 
surface spring in green. The accompanying dashed lines are the smoothed conditional means of 
each data set (surface vs depth). Grey ribbons indicate 95% CI of the line. Solid lines represent 
the “apparent maximum” threshold of lipid sac volume which is an arbitrary upper limit 
excluding approximately 25% of the data points. Grey lines are indicative of surface data, black 
lines of depth data.
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1.8 Tables

Table 1.1 The effect of year, season, and depth on lipid sac area of Neocalanus copepods.

One-way ANCOVA comparing the effect of year (A), season (B), and depth (C) on lipid sac area 
of adult and subadult Neocalanus copepods while controlling for prosome length. Significant p- 
values are in boldface.

N. flemingeri N. plumchrus. N. cristatus
Source n p-value n p-value n p-value
A: Year
Year 3 <0.001 3 <0.001 3 0.396
Prosome 1007 <0.001 1524 <0.001 439 0.071
B: Season
Season 3 <0.001 3 <0.001 3 0.001
Prosome 1876 <0.001 1524 <0.001 437 0.172
C: Depth
Depth 6 <0.001 6 <0.001 6 <0.001
Prosome 1873 <0.001 1521 <0.001 436 0.274
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Table 1.2 The effect of year, season, and depth on lipid sac volume of Neocalanus copepods.

One-way ANCOVA comparing the effect of year (A), season (B), and depth (C) on lipid volume 
of adult and subadult Neocalanus copepods while controlling for prosome length. Significant p- 
values are in boldface.

N.  flemingeri N. plumchrus. N. cristatus
Source n p-value n p-value n p-value
A: Year

Year 3 <0.001 3 <0.001 3 0.276
Prosome 1007 <0.001 1524 <0.001 437 0.491

B: Season
Season 3 <0.001 3 <0.001 3 0.011
Prosome 1876 <0.001 1524 <0.001 436 0.812

C: Depth
Depth 6 <0.001 6 <0.001 6 <0.001
Prosome 1873 <0.001 1521 <0.001 433 0.939
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Table 1.3 The effect of year, season, and depth on percent lipid of Neocalanus copepods.

One-way ANCOVA comparing the effect of year (A), season (B), and depth (C) on percent lipid 
volume of adult and subadult Neocalanus copepods while controlling for prosome length. 
Significant p-values are in boldface.

N.  flemingeri N. plumchrus N. cristatus
Source n p-value n p-value n p-value
A: Year

Year 3 <0.001 3 <0.001 3 0.190
Prosome 1007 <0.001 1524 <0.001 437 0.504

B: Season
Season 3 <0.001 3 <0.001 3 0.008
Prosome 1876 <0.001 1524 <0.001 436 0.258

C: Depth
Depth 5 <0.001 6 <0.001 6 <0.001
Prosome 1873 <0.001 1521 <0.001 433 0.104
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Table 1.4 The effect of depth on lipid sac area, lipid sac volume and percent lipid of Neocalanus 
copepods.

One-way ANOVA comparing the effect of year on lipid sac area (A), lipid volume (B), percent 
lipid (C) of adult and subadult Neocalanus copepods at the surface and at depth. Significant p- 
values are in boldface.

N. flemingeri N. plumcrhus N. cristatus
Surface Depth Surface Depth Surface Depth

Source n p-val n p-val n p-val n p-val n p-val n p-val
A: Lipid Sac Area
Year 3 < 3 0.08 3 < 3 0.37 3 0.69 3 0.82

0.001 0.001
Res 864 633 824 537 144 219

B: Lipid Sac Volume
Year 3 < 3 0.05 3 < 3 0.32 3 0.82 3 0.60

0.001 0.001
Res 864 633 824 537 144 219

C: Percentage Lipid
Year 3 < 3 < 3 < 3 0.95 3 0.75 3 0.41

0.001 0.001 0.001
Res 864 633 824 537 144 219
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General Conclusion

The Northern Gulf of Alaska is a marine system impacted by the complex interaction of 

chemical, physical, geological, and biological factors. Low light and nutrients in the system for 

most of the year gave rise to highly adapted animals including the calanoid copepod genus, 

Neocalanus. The accumulation of lipid and a seasonal diapause period are traits that are unique 

to high latitude copepods (Lee et al., 1971). Each Neocalanus species displayed unique lipid 

accumulation behavior over the course of the study.

The findings herein present a depth-stratified examination of lipid content of Neocalanus 

copepods over the seasonal progression during 2018-2020. Each Neocalanus species displayed 

similar yet unique lipid accumulation behavior to one another. Neocalanus exhibits an earlier 

developmental timing as compared to other lipid accumulating copepods giving them a 

competitive advantage to be developed sooner and get to the spring phytoplankton bloom faster 

than others. Our data provided some evidence for both the lipid accumulation hypothesis and the 

developmental program hypothesis being utilized in Neocalanus populations in the NGA.

This work provides the first detailed study of lipid content of all three species of 

Neocalanus present in the NGA. This work highlights the complexity of lifecycles and diapause 

strategies that are utilized by Neocalanus. It also provides a framework for further research into 

lipid accumulation mechanisms for zooplankton in the Northern Gulf of Alaska.
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