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ABSTRACT

Pacific herring (Clupea pallasi) are commercially exploited along the Asiatic and North 

American Pacific Ocean continental shelves. In Prince William Sound (PWS), Alaska, herring 

were commercially important until a year class failures in 1993. A noticeable lack of life history 

information on juveniles was available in PWS to use for studies addressing the failed 

recruitment. This study describes the seasonal herring feeding ecology in PWS nursery areas from 

1996 to 1998. Zooplankton from 535 vertical tows and herring diet data from 3,282 stomach 

contents were collected from Eaglek, Simpson, Whale and Zaikof Bays. Zooplankton species 

composition was dominated by small calanoid copepods, cyclopoids, invertebrate eggs, and adult 

euphausiids in March prior to the spring phytoplankton bloom. Small calanoid copepods, 

especially Pseudocalanus spp., were dominant during the peak abundance. Oikopleurans were 

abundant from August to October. The zooplankton density peaked at 1,234 to 5,594 individuals 

m"3 between June and July 1996. Zooplankton density was significantly lower in 1997 than 1996. 

Seasonal density and diversity were found to vary among and within the four bays. The 

abundance o f prey in herring diets was correlated to the timing and degree of zooplankton prey 

availability. Feeding was highest at 1,192 items per fish in July 1996 and decreased until winter 

(December to March) when the number of empty stomachs ranged from 70 to 90 %. Lower 

zooplankton densities in 1997 were reflected in significantly lower abundances of prey in 1997 

diets. Prey selectivity was negatively correlated with zooplankton densities among months. Diel 

and ontogenetic feeding trends as well as differences between feeding depths were noted. 

Assimilation rates of smaller herring were closer to basal metabolic rates and herring less than 3 g 

had insufficient energy reserves to survive the winters of 1995-1996 and 1996-1997. These 

patterns suggest that juvenile herring are dependent on an abundance of prey to successfully feed



iv

and have enough energy reserves to overwinter. The effects of increased temperatures on 

zooplankton fluctuations and changes in herring condition may have had population level 

consequences in PWS. Successful feeding when prey abundance and composition was highly 

variable reveals herring’s adaptability to multiple environments.
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Pacific herring (Clupea pallasi Valenciennes 1847) are a commercially exploited species 

that are distributed along the Asiatic and North American Pacific Ocean continental shelves (Hart 

1973). In Prince William Sound (PWS), Alaska, herring are important as a commercially 

harvested species as well as an important species in the trophic ecology of the region. Multiple 

year class failures between 1993 and 2000 have resulted in the reduction of fishery efforts in 

PWS.

Recruitment processes in PWS were hypothesized to be a possible source of the herring 

population declines. When studying recruitment it is important to understand underlying 

mechanisms that create variation at particular stages in the development of the fish (Houde 1987; 

Miller et al. 1991). Although no one factor is likely to completely dominate the variation found in 

herring year-class strength, it is important to determine the life history stages and mechanisms 

within those stages that dominate the variance in mortality and therefore control recruitment. 

Starvation and slow growth rates during the juvenile stage of development can lead to high 

mortality and decreased recruitment. An important aspect of herring recruitment variation, 

therefore, is the factors affecting success during the juvenile life history stage.

Due to the lack of juvenile herring life history information in PWS, questions were raised 

about the quality o f herring nursery habitats and in particular the community structure within 

these habitats. Juvenile herring nursery habitat in PWS has been described as the nearshore bays 

and fjords. PWS herring recruit to the nearshore environment during metamorphosis where, as 

juveniles (age 0 to age 2), they develop to adults (Stokesbury et al. 2000). The community 

structure of PWS herring is dependent on the seasonal availability of prey for growth (Stokesbury 

et al. 1999) and on the storage of energy for overwintering (Paul and Paul 1998, Paul et al. 1998).

CHAPTER 1: Introduction



I hypothesized that the feeding ecology within the nearshore habitat of PWS was 

important to the success o f juveniles. Arguments have been made that support the importance of 

the feeding ecology at the larval stage. Hjort (1914) first related food abundance to survival in the 

larval stage o f fishes. His ‘critical period’ suggests that food must be present after the larval yolk 

is depleted for the larval fish to survive. Alternative theories related to feeding emphasize the 

importance o f an overlap or ‘match’ in timing of larvae and seasonal plankton blooms (Cushing 

1975, 1990) and an overlap in larval and prey distributions due to ‘retention’ areas (lies and 

Sinclair 1982). The theory of vertical stability suggests that larvae need to either be retained or 

dispersed to an area where a stratified water column has concentrated an adequate prey supply 

(Lasker 1975, 1978).

Temporal and spatial zooplankton and phytoplankton production and factors that affect 

the production o f these lower trophic levels are important to the understanding of some pelagic 

fish diets. The spatial and temporal distribution of zooplankton as well as possible grazing effects 

of fishes on the distribution and therefore the availability of zooplankton is an important aspect of 

the feeding dynamics. Bioenergetics models revealed that young-of-the-year and one-year old 

Atlantic herring (Clupea harengus) in the Baltic Sea coastal area were very important 

zooplanktivores (Arrhenius and Hansson 1993), which influence the zooplankton community 

structure by shifting species dominance and depth in the water column (Hansson et al. 1990).

This shifting of species dominance could have considerable effects on the ability of juvenile 

herring to acquire enough energetic reserves to survive their first winter.

The shift o f prey importance in the diet of fishes is a function of the abundance, 

distribution and energy density of prey as well as the probable changes in the selectivity by the 

fish. Anderson (1994) found that it was not sufficient to measure total prey biomass within 

preferred prey sizes of larval redfish (Sebastes spp.) and that the availability o f specific prey taxa



was determined by the observed feeding conditions. Arrhenius and Hansson (1993) estimated that 

herring had greater growth rates when the energy densities of prey were higher and when the 

Atlantic herring in the Baltic Sea preyed on a more diverse diet of zooplankton including mysids 

and amphipods as opposed to a diet consisting only of zooplankton. Higher feeding rates also 

would increase growth rates resulting in better condition (Ware 1975; Shepherd and Cushing 

1980; Houde 1987; Anderson 1994). It would therefore be expected that as the herring grow 

larger and gape size increases, larger prey with greater energetic value would be found in the 

diets.

The physical attributes of herring nursery areas in PWS are also important to 

understanding herring feeding ecology. In some locations herring larvae are transported from 

spawning grounds to areas of greater stratification and forage possibilities. After herring 

spawning events in the Gulf of Maine where Atlantic herring were spawning in an area upstream 

from an adequate nursery area, larvae were transported downstream (Townsend et al. 1986). In 

other locations herring larvae remain within the spawning area after spawning. lies and Sinclair 

(1982) have described and modeled behavior where Atlantic herring spawn in tidally mixed areas 

to assure retention of larvae. It is possible that both scenarios of retention and dispersion are 

realized in PWS based on the distribution of age-0 herring and observed spawning areas. It would 

therefore be appropriate to extend the idea of ‘retention’ to the juvenile stages of herring 

dispersed to bays and fjords as well as those spawned within those areas. The physical processes 

affecting the distribution of juvenile herring and their prey can help to describe physical attributes 

that define critical habitat for the juveniles. Areas with better ‘retention’ consistent with lies and 

Sinclair’s (1982) hypotheses or areas with a stable water column preceded by a tidally mixed 

environment consistent with Lasker’s (1975) hypotheses may help to concentrate fish and 

zooplankton, thus creating a better habitat for the successful feeding by juvenile herring.
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Objectives

The purpose of my study was to examine the feeding ecology of juvenile herring within 

their nursery areas in PWS.

Objective 1

My first objective was to examine the abundance and community structure of zooplankton in 

the nearshore environment of Prince William Sound. The following questions were explored:

• On what spatial and temporal scales does the zooplankton community structure vary within 

PWS? In particular, is the zooplankton density and species composition different among bays, 

within bays or by depth in the water column? Also, is the zooplankton density and species 

composition consistently different over the course of a year or a day?

• Is the zooplankton community structure significantly affected by the environmental variability 

found in Prince William Sound?

Objective 2

My second objective was to examine the juvenile herring diet composition and feeding 

characteristics in the nearshore environment of Prince William Sound. The following questions 

were explored:

• On what spatial and temporal scales do the diets of juvenile herring vary within PWS? In 

particular, do the juvenile herring diets vary among bays, within bays or by depth in the water 

column? Also, are the density and the species composition of prey in the stomach contents 

consistently different over the course of a year or a day?



My third objective was to compare the seasonal and interannual variability in juvenile herring 

feeding behavior to the availability of prey in four bays within PWS. The following questions 

were explored:

• What is the response of the juvenile herring feeding behavior to variability in the zooplankton 

community structure?

• Does herring behavior change with respect to the selectivity o f prey change because of 

changes in prey densities or species composition? In particular, are herring 

selective/opportunistic feeders when prey densities are low/high?

• Does the energetic quality of the herring prey affect the condition or success of juvenile 

herring?

Objective 4

My fourth objective was to relate hydrographic features within each bay sampled to the 

juvenile herring feeding ecology and zooplankton dynamics to examine the subsequent effects on 

juvenile herring success. The following questions were explored:

• What are the effects of variable temperature and salinity on seasonal and interannual trends in 

zooplankton density and species composition?

• What are the effects of variable temperature and salinity on juvenile herring diet composition 

and feeding success?

• How might interannual differences in physical variables affect the energetic condition of 

juvenile herring with respect to the prey species found in their diets?

Objective 3



Description of chapters

Each of the chapters in this dissertation with the exception o f the Introduction and 

Conclusion chapters has been or will be submitted for publication. Consequently, each chapter 

may contain unique format corresponding to the journal chosen for publication. Chapter 2 

addresses Objective 1, examining species composition and density in the zooplankton community 

in the four bays and seasonally. Objective 4 is addressed as the zooplankton community structure 

is related to temperature and salinity trends. Multivariate analyses were used to describe the 

relationship of zooplankton abundance and species composition to physical variables such as 

temperature and salinity. Significant variability in zooplankton abundance was noted among bays 

and months suggesting that the nursery areas of juvenile herring may not be similar. Water 

temperature was found to be a significant influence on zooplankton composition.

Chapter 3 combines the diet composition data with the zooplankton availability data. The 

questions of Objectives 2 and 4 were addressed. Multivariate analyses were used to describe the 

diets of the juvenile herring with respect to fish location and temperature. Direct relationships of 

feeding incidence and stomach content species composition were made to zooplankton 

availability and species composition. Temperature and salinity were then related to the 

relationship of juvenile herring and its prey with respect to seasonal, interannual, and diel 

conditions in the nursery areas.

In Chapter 4, the energetic content of prey species was addressed to test part of Objective 

3 , that the energetic condition of zooplankton would affect the condition and success of herring. 

The energetic content o f prey found in the herring diets then was evaluated by analyzing the 

assimilation rates and basal energetic demands and then comparing the relative differences in 

surplus energy among bays and seasons. The estimated assimilation rates suggest that the diets of 

smaller age-0  herring provide lower energy and therefore have lower surplus energy prior to



winter. Therefore, it was concluded that variability in diet composition and diet energy density 

could account for relative differences in nutritional conditions of juvenile herring.

Chapter 5 also addresses Objective 3 as it pertains to the overwintering months for 

juvenile herring. The zooplankton biomass available to herring, temperature conditions during the 

winter, and the incidence of feeding were related to the energetic density of juvenile herring, 

which addresses components of Objectives 3 and 4. Assimilation rates were found to vary with 

fish size and decreased as winter progressed. The importance of energy stores for juvenile herring 

overwintering was noted and smaller fish were more likely to be affected by starvation. It was 

hypothesized that the duration of overwinter starvation may be related more to photoperiod than 

to mean water temperature.

Chapter 6  emphasizes the major results generated from this study and synthesizes the 

ideas of the preceding chapters, addressing the seasonal and interannual fluctuations in the 

response of juvenile herring to zooplankton and environmental variability. Interannual differences 

in zooplankton densities were negatively correlated to warmer temperatures in the fall of 1997. 

Consequently, juvenile herring feeding decreased in the fall and winter of 1997-1998. It was 

proposed that these conditions may be responsible for higher growth rates in the fall of 1997 and 

subsequent lower incidence of herring feeding observed that year in PWS.

Chapter 7 highlights the major conclusions of this study. Management implications and 

future directions for this research were discussed.
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C H A P T E R  2: S easonal Z o o p lan k to n  C om position  a n d  A b u n d an ce  in P rin ce  

W illiam  S ound, A la sk a 1

A bstract

I examined the seasonal succession and interannual variability of the nearshore 

zooplankton community in four bays within Prince William Sound (PWS), Alaska. I analyzed 

535 vertical tows over seven months and four bays from May 1996 through March 1998 for taxa 

composition, diversity, and density of zooplankton. Ordination and nonmetric multidimensional 

scaling techniques were used to detect seasonal and interannual trends in zooplankton taxa and to 

correlate them to water temperature and salinity. Species composition was dominated by small 

calanoid copepods, especially Pseudocalanus spp., during the peak of abundance. Oikopleurans 

were abundant from August to October. Small calanoid copepods, cyclopoids, invertebrate eggs, 

and adult euphausiids were dominant in March prior to the spring phytoplankton bloom. The 

number of zooplankton taxa was highest in May (37 to 43 taxa) and declined through October and 

February. The PWS zooplankton density peaked at 1,234 to 5,594 individuals m"3 between June 

and July 1996. Zooplankton density was significantly lower in 1997 than 1996. Simpson Bay 

consistently had a higher density of zooplankton followed by Whale, Eaglek and Zaikof Bays. 

Variability among four sites within Prince William Sound was attributed to location relative to 

outside influences. Declines in zooplankton abundance between 1996 and 1997 were related to 

increases in water temperature. This study showed the magnitude of seasonal and interannual 

variation in environmental conditions and zooplankton abundance in PWS.
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Introduction

In 1989, the oil tanker, Exxon Valdez, ran aground on Bligh Reef spilling crude oil into 

the nearshore environments of Prince William Sound, Alaska. Severe damage to most levels of 

the environment were documented and studied after the spill, particularly in the nearshore zone 

(Spies et al. 1996). The direct oiling effects on planktivores such as herring, which were deemed 

“injured” and “recovering” by the Exxon Valdez Oil Spill Trustee Council, were studied (Spies et 

al. 1996). However, little baseline information existed to study the indirect oil spill effects on 

planktivore prey availability in PWS. To provide the background information necessary to 

address the effects of the oil spill, I assessed the variability in zooplankton abundance and species 

composition from four different areas of PWS.

Multiple fish species depend on nearshore zooplankton communities in PWS. Juvenile 

pink salmon (Oncorhynchus gorbuscha), juvenile chum salmon (Oncorhynchus keta), juvenile 

pollock (Theragra chalcogramma), juvenile herring (Clupea pallasi), and other nearshore fish 

assemblages prey on zooplankton in PWS bays (Willette et al. 1995, Chapter 4). Relative 

abundances and composition of the zooplankton community regulate the potential competitive 

interactions among these predator species (Willette et al. 1995). Also, the life histories of fishes 

were correlated with the timing of prey abundance and composition. For instance, juvenile 

herring depend on the availability of small zooplankton for growth after metamorphosis in PWS 

bays (Stokesbury et al. 2000, Chapter 4) and energy storage prior to overwintering (Paul et al. 

1998, Paul & Paul 1998a, Paul & Paul 1998b, Chapter 5).

Seasonal and interannual data on zooplankton species composition and abundance have 

been collected in the central North Pacific Ocean (Lebrasseur 1965a, Lebrasseur 1965b, Fulton 

1983, Miller et al. 1984), the Gulf of Alaska (Cooney 1986, Cooney 1988) and in nearshore (< 20 

km from shore) areas (Wing & Reid 1972, Coyle & Paul 1990, Coyle et al. 1990, Paul et al.

11



1991a, Paul et al. 1991b, Paul & Coyle 1993) but few data have been collected in PWS (Cooney 

et al. 1973, Damkaer 1977). Large calanoid copepods such as Neocalanus spp. and Eucalanus 

bungii are seasonally important in the coastal ecosystem (Cooney 1986) and are influenced by 

onshore/offshore circulation in the Gulf of Alaska on decadal scales (Brodeur & Ware 1992). 

Successional changes in the species composition in the Gulf of Alaska nearshore result in the 

dominance o f large copepods (Neocalanus spp., Calanus spp. and Eucalanus bungii) in the spring 

shifting to smaller copepods (Pseudocalanus spp.), pteropods, cladocerans and meroplankton in 

the summer (Wing & Reid 1972, Coyle & Paul 1990, Coyle et al. 1990, Paul et al. 1991b).

To analyze zooplankton community structure I employed ordination techniques to make 

statistical comparisons of species composition. Analyzing species composition data quantitatively 

can be useful for correlation with underlying environmental distributions and monitoring 

temporal trends among sites (Philippi et al. 1998). Univariate measures of diversity, niche 

parameters, trophic structure, and succession are more common but do not relate the species 

composition data directly to physical variables (Krebs 1989). Ordination techniques have been 

used to simplify species composition data sets and as a basis for the relation of species 

composition, diversity, and abundance variables to multiple environmental variables. This 

method has been increasingly used and accepted in ecological analyses (Kenkel & Orloci 1986, 

Minchin 1987, Clarke & Ainsworth 1993). Depending on the technique employed, the assumed 

relationships between taxa abundance and underlying environmental variables may or may not be 

linear. Nonmetric multidimensional scaling is an ordination technique that arranges dissimilarity 

indices, thus relying on the functionality of the dissimilarities to account for underlying 

distributions in the data (Shepard 1962, Kruskal 1964, Field et al. 1982). The arrangement in 

multiple dimensional space is based on grouping the most similar indices.



The purpose of this study was to examine the seasonal succession and interannual 

variability of the nearshore zooplankton community in PWS with the use of multivariate 

techniques. The objectives were to analyze taxa composition, diversity, and density of 

zooplankton in multiple months and bays from 1996 to 1998. Zooplankton community structure 

was compared to temperature and salinity trends to understand the mechanisms affecting coastal 

ecosystem production (McGowan et al. 1998).

M ethods

Data collection. Prince William Sound is large semi-enclosed body of water located in 

northern Gulf o f Alaska (Fig. 2.1). Eaglek and Whale Bays, deep fjords (> 250 m), and Simpson 

and Zaikof Bays, relatively shallow bays (< 100 m), were sampled from May 1996 to March 

1998 to examine the spatial and temporal trends in zooplankton populations in four widely 

separated bays. Three to 5 stations (depending on the length and number of arms in the bay) 

within each bay were designated by their distance to the bay’s mouth (Table 2.1). Distance from 

the bay’s mouth ranged from 0 to 10.62 km and bottom depth of stations ranged from 36 m at the 

head of Simpson Bay to 331 m at the mouth of Whale Bay.

Five hundred thirty five vertical tows were made with a 0.5 m 300 |im mesh ring net 

from multiple sites within the four bays in seven months in 1996, seven months in 1997 and in 

one month in 1998 (Table 2.2). Site location was determined so that I sampled at the head middle 

and mouth o f each bay. Sample dates varied among years, though there was never any sampling 

in April or September. Nets were lowered to 30 m for most tows and then retrieved at a constant 

speed (0.5 m/s) to avoid bias associated with net avoidance. From March to October 1997 and 

March 1998 separate tows were lowered to 1 m from the bottom to compare zooplankton 

community structure with the 0 to 30 m samples. Samples for species composition analyses were
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Figure 2.1: Location o f Prince William Sound, Alaska and four bays sampled between May, 1996 

and March 1998.
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Table 2.1. Bottom depth of the station and distance to the mouth of the bay of stations sampled 

during this study from four bays in Prince William Sound.

®ay Station Distance to mouth Bottom depth

of bay (km) of station (m)
Eaglek Bay 1 2.3 175

2 6.1 95

3 1 0 .6 53
Simpson Bay 1 1.3 54

2 3.0 44

3 3.3 70

4 4.8 78

5 7.1 36

Whale Bay 1 0 .0 331

2 2.3 1 22

3 4.8 138

4 8 .2 105

Zaikof Bay 1 0 .0 61

2 5.0 1 00

3 9.1 44
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Table 2.2. Number of tows during 1996,1997 and 1998 and samples used in each analysis

(analysis 1 = species composition, analysis 2  = diel density, analysis 3  = depth of the 
tow).

1996 1997 1998

ni n2, n3 Analysis n in 2,n3 Analysis ni n2,n3 Analysis

Jan 0 5,0,0 1

Feb 0 1 2 ,0 ,0 1

Mar 0 38,38,70 1 ,2 ,3

Apr 0 0

May 31,31,0 1 ,2 34,34,65 1 ,2 ,3

Jun 34,34,0 1 ,2 0

Jul 1 2 ,0 ,0 1 33,33,63 1 ,2 ,3

Aug 33,33,0 1 , 2 33,33,62 1 ,2 ,3

Sep 0 0

Oct 35,35,0 1 ,2 25,0,47 1,3

Nov 1 0 ,0 ,0 1 0

Dec 7,0,0 1 0

0

0

26,0,49 1,3

Total 162 324 49



collected throughout the daylight hours. In addition, one tow was taken every 8 h over a 24 h 

period from May 1996 to August 1997 to assess diel zooplankton activity. Volume filtered was 

determined by multiplying the area of the ring net mouth by the depth of the tow. Wire angle was 

noted in order to maintain consistency in the depth sampled between tows and to calculate 

volume sampled. Samples were immediately preserved in a 10 % buffered formaldehyde solution. 

Taxa from subsamples split with a Folsom splitter were identified to the lowest possible 

taxonomic group and life stage. The number of splits was determined after approximately 100 

individuals o f the dominant taxa remained.

Conductivity and temperature at depth (CTD) measurements were taken at 1 m intervals 

concurrent with all net tows, using a SeaBird SEACAT SBE 19, from the surface to 1 m above 

the bottom. Integrated temperature and salinity measurements from 5 to 10 m at each station were 

used for consistency among analyses. Multivariate analyses of variance were used to test for 

significant differences in temperature and salinity among months and bays including an 

interaction term (S-PLUS ver 4.). Post-hoc multiple comparisons were made with 95 % 

confidence intervals derived by the Sidak method (S-PLUS ver.4).

Data analysis: Taxa composition. The zooplankton community composition was 

examined among tows by ordination of dissimilarity indices. Bray-Curtis dissimilarities of root- 

root transformed zooplankton densities (individuals m'3) were calculated among vertical tows 

from the upper 30 m of the water column. A root-root transformation was chosen because 

abundant species are weighted less to allow relationships of less abundant species to be detected 

(Field et al. 1982). The Bray-Curtis measure was chosen due to its robust response to samples 

where some taxa are absent and because it is not sensitive to the effects of rare taxa (Bloom 1981, 

Field et al. 1982, Krebs 1989). A nonmetric multidimensional scaling (NMDS) ordination was 

applied to the dissimilarity matrix (S-PLUS ver. 4). A stress value < 10 was assumed to be an



acceptable level o f consistency between the ordination and the rank order of the dissimilarity 

matrix (Kruskal 1964). The NMDS results are represented by a continuum, where axes scores 

represent the dissimilarities rank order and account for most of the variation in the data. The 

number of axes is dependent on the stress value chosen. Therefore, each axis represents an index 

of the taxa composition (Kruskal 1964).

The two axes accounting for the most variation in the ordination were regressed 

separately as a function of multiple independent variables in order to account for some of the 

underlying ordination structure. A stepwise function was used to eliminate non-significant 

variables. The explanatory variables tested included year, month, bay, depth to which the ring net 

was lowered (depth of the tow), bottom depth of the station, distance o f the station to the mouth 

of the bay, and temperature and salinity at each station.

Data analysis: Diversity. Zooplankton diversity of samples from the upper 30 m was 

assessed by richness and evenness indices. Indices commonly used, e.g. Shannon-Wiener and 

logarithmic series (Krebs 1989), incorporate the trends in both richness and evenness into a single 

index, not allowing for individual analysis of either. I used two indices of diversity to account for 

both changes in number of taxa and the shape of the frequency distribution of taxa within each 

tow. Richness was a count of all the taxa within each tow. Evenness described the relative 

number each taxa represented and was calculated by scaling the Shannon-Wiener heterogeneity 

index relative to the maximal value obtainable:

Evenness = H / Hmax

H (Shannon-Wiener index of heterogeneity) = (p , )(log p t )
/=i

Hmax = log S
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where pi is the proportion of the z'th taxa in the tow, Hmax is the maximal value of the Shannon- 

Wiener index, and S is the number of taxa in the tow (Krebs 1989). Evenness measures range 

from 0 to 1 and is maximal when all taxa have equal abundances. Use of the Shannon-Wiener 

index as a diversity index has been criticized for being negatively biased (Krebs 1989) but I use a 

proportion (H / Hmax) to measure evenness, which should eliminate this bias and may in fact be 

positively biased (Sheldon 1969).

Taxa richness and evenness measurements were included in univariate models with 

bottom depth, distance to the mouth of the bay, water temperature and salinity as explanatory 

variables among months and bay. A month:bay interaction term was included to account for 

multiple trends within the design at the 0.05 significance level.

Data analysis: Density. The number of zooplankton m ' 3 was determined for each tow. 

Densities were log (x + 1) transformed prior to statistical analysis. This transformation was made 

after residual plots from non-transformed data were examined and nonnormality and 

heterogeneity o f variance were found. The first of three analyses concerning zooplankton 

densities concentrated on spatial and temporal trends in the tows collected < 30 m, regardless of 

bottom depth o f the station. Zooplankton densities by tow were regressed as a function of month, 

bay, bottom depth of the station, distance to the mouth of the bay, temperature and salinity. An 

interaction term was considered between the categorical variables month and bay.

The second analysis of zooplankton density was designed to examine densities within a 

24 h period from May to October 1996 and March to August 1997 (Table 2.2). Zooplankton were 

sampled as above from the top 30 m of the water column in three time categories: 0800 to 1559 h, 

1600 to 2359 h, and 0000 to 0759 h. Zooplankton densities by tow were regressed as a function of 

month, bay, time category, bottom depth of the station, distance to the mouth of the bay,



temperature and salinity. Interaction terms were considered between the categorical variables 

month, bay, and time to analyze the consistency in these spatial and temporal trends.

The third analysis of zooplankton density utilized data from 1997 to examine the effect of 

the tow depth. Samples were collected from the surface -  30 m and the surface -  maximal depth. 

Zooplankton densities by tow were regressed as a function of month, bay, depth of tow, bottom 

depth of the station, distance to the mouth of the bay, temperature and salinity. An interaction 

term was considered between the categorical variables month and bay to analyze the consistency 

in the spatial density trends.

In the preceding analyses, a correlation matrix identified possible multicollinearity 

among explanatory variables. Diagnostics were performed to check for nonnormality and patterns 

in the regression residuals. Next, a stepwise regression was calculated to determine significance 

of explanatory variables based on the Cp statistic (SPLUS ver. 4). A multiple regression was 

calculated with the variables remaining after the stepwise regression.

Results

Temperature and salinity data

Temperatures were significantly different among months and bays (month: F=155.4, df 

= 14, PO .O l; bay: F=81.2, df =3, PO .O l; interaction: F=12.6, df =29, PO .O l). Annual 

temperatures ranged from 4.2 °C in March to 11.7 °C in August (Fig. 2.2). Whale Bay had the 

largest amount o f seasonal variation, 3.5 °C, followed by Simpson (7.0 °C), Zaikof (7.1 °C) and 

Eaglek Bays (5.2 °C). The fall of 1997 and spring of 1998 were warmer on average than the 

previous year.

Salinities were significantly different among months and bays (month: F=97.9, d f =14, 

PO .O l; bay: F=37.8, d f =3, PO .O l; interaction: F=9.3, df =29, PO .O l). Annual salinities ranged
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Figure 2.2: Mean (SE) temperature (°C) and salinity (%o) of the integrated water column from 

each month sampled from 1996 to 1998 in each bay sampled. Data labels = 

month/year.



from 30.8 %„ in May to 27.3 %, in August (Fig. 2.2). Simpson Bay had the largest amount of 

seasonal variation, 4.3 %„, followed by Zaikof (2.1 *»), Eaglek (2 .1  %„) and Whale Bays ( 1 .6  %,).

Taxa composition

I report the top 97 % of taxa, by number, present monthly (Table 2.3, all taxa reported in 

Appendix 2.1). In May 1996, medium sized calanoid copepods, larvaceans, polychaete larvae, 

barnacle nauplii and cyclopoid copepods dominated the taxa. Similar taxa were found in May 

1997, with the addition o f early stage Metridia spp. and copepod nauplii. In June 1996, 

cladocerans dominate the taxa composition. Smaller calanoid copepods (.Acartia sp. and 

Pseudocalanus sp.) became more numerous and bivalve larvae appeared in the zooplankton tows. 

Similar taxa were found in July 1996, but gastropod larvae and adult Pseudocalanus sp. 

dominated. In July and August 1997, Oikopleura spp. were abundant in the water column, one 

month earlier than in 1996. In August 1996, Oikopleura spp. were included in the dominant taxa 

and in 1997, Bryozoa larvae (cyphonautes) were also important. Adult copepods (.Metridia spp. 

and Centropages abdominalis) and Bryozoa larvae were included in the dominant taxa in October 

1996. In 1997, stages II to V of Metridia spp. appeared while Paracalanus sp. and Pseudocalanus 

sp. were dominant in the taxa composition. Gastropod larvae, cyclopoid and calanoid larvae 

dominated the taxa composition in the winter 1996 -  1997. Barnacle larvae were the most 

abundant taxon in March of 1997 and 1998. The first stages of large calanoid copepods were 

abundant in March 1997, while in 1998, euphausiid eggs were found in the dominant taxa.

To account for a majority of variation in the Bray-Curtis dissimilarity matrix, an 

ordination of 5 axes was necessary to achieve a stress value of 9.72 (based on initial criteria of 

having a stress value <10). Including all 535 tows, axis 1 (35 %) and axis 2 (28 %) accounted for

22
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Table 2.3. Taxa composition and density (count m'3) for each month found to be significantly

different in composition from May 1996 to March 1998. Only values greater than three 

percent o f the total sum o f taxa densities over each sampling month are reported. 

________(Roman numerals refer to life stage; AM(F) adult male (female); sm = small)

Taxa

winter
May Jun Jul Aug Oct 1996- Mar May July Aug
1996 1996 1996 1996 1996 1997 1997 1997 1997 1997

Oct Mar 
1997 1998

Arthropoda 
Copepoda

Copepoda nauplii 
Calanoida

Acartia Clausi AF 
Acartia longiremis AF 
Acartia longiremis AM 
Acartia  sp. V  
Calanidae I
Calanus m arshallae  AF 
Centropages abdominalis AF 
M etridia  sp. I 
Metridia  sp. II 
M etridia sp. Ill 
M etridia  sp. IV 
M etridia  sp. V 
Neocalanus sp. I 
Paracalanus sp.
Pseudocalanus sp. AF 
Pseudocalanus sp. AM 
Pseudocalanus sp. IV 
Pseudocalanus sp. V  

Cvlopoida
Oithona sim ilis 
Oithona spinirostrus 

Cirripedia
Cirripedia nauplius 

M alacostraca 
M ysidacea

Euphausiacea egg  
Euphausiacea nauplii 

Branchiopoda 
Cladocera 

Evadne sp.
Podon sp.

Urochordata
Larvacea

Fritilaria  sp. (sm) 71.9
Oikopleura  sp.
Oikopleura  sp. (sm)

Mollusca
Bivalvia

Bivalvia larvae (sm)
Gastropoda

Gastropoda larvae (sm)
Bryozoa

Cyphonautes
Annelida

Polychaeta
Polychaeta juv 70.9
Polychaeta juv (polydora) 62.8

189.6 158.6
139.8 124.2
134.0 187.5
127.5 134.3

51.1 156.2 381.4 139.4 89.4
114.3

82.5 202.9 161.2 52.8
172.6 496.3 500.1 168.0 35.8

46.6 171.4 95.8 41.9 10.9

249.6 106.8 91.1

186.7 161.3 48.7

128.3 81.3

12.0

12.0

136.5 45.7
54.3

13.5

27.4

25.5  

39.7

71.6
74.9

75.7
160.2 107.7 28.5

9.8
10.0

24.0
14.9 22.8

101.9
22.4

6.2

215.0 54.8

51.9 31.7 i

11.5

Total 629.0 2562.5 2253.7 713.6 212.8 78.5 267.1 1102.2 693.2 312.7 103.6 137.9
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63 % of the variation in the ordination and therefore were used in the initial regression analyses to 

find an overlying trend in the taxa composition data (Fig. 2.3).

The overall taxa composition of zooplankton in this study was dependent on all variables 

that explained the axes scores. Axis 1 was dependent on the month, bay, depth of the tow, 

distance to the mouth of the bay and salinity (Table 2.4). Axis 2 was dependent on the month, 

bay, depth o f the tow, bottom depth at each site, temperature and salinity (Table 2.4). Stepwise 

multiple regression explained 8 6  and 85 % of the variation in axis 1 and axis 2, respectively 

(Table 2.4). As a result of multiple comparison tests, each month was treated separately except 

those from November to February (Fig. 2.3).

Temperature and salinity measurements were regressed as a function of axis 1 and axis 2 

to determine the relationship between environmental variables and taxa composition indices (Fig. 

2.3). Significant trends were apparent in temperature (F = 167.8, df = 443, P < 0.01) and salinity 

(F = 173.8, d f = 443, P < 0.01) and were only significantly explained along axis 2 (P < 0.01).

Zooplankton diversity

Variability of taxa richness among tows was best defined by differences among bays and 

among months (r2=0.65, Table 2.5). No continuous environmental variables significantly 

accounted for trends in taxa richness.

Seasonal and annual trends in richness were similar in Eaglek, Simpson and Whale Bay, 

except for Simpson Bay in spring. In Eaglek, Whale, and Zaikof Bays, taxa richness peaked (34 

to 44) in May whereas in Simpson Bay taxa composition had the highest number of taxa from 

May to August (1996 range: 41 to 43; 1997 range: 30 to 34; Fig. 2.4). The number of taxa was at 

a minimum by October (1996 range: 22 to 31; 1997 range: 21 to 25) in most bays. In each 

interannual comparison, except that for October in Whale Bay where there was no difference, the

25



26

Table 2.4. Results of stepwise multiple regression of taxa composition nonmetric

multidimensional scaling axis scores as a function of multiple explanatory variables 

among months and bays. Percent of total variation refers to the total variation in the 

ordination of tow dissimilarity indices.

Response variable 

(% o f total variation)

Explanatory variable df r2 F P

Axis 1 (35 %) full model 428 0 .8 6 156.20 <0 .0 0 1

month 220.38 <0 .0 0 1

depth of tow 116.43 <0 .0 0 1

year 103.50 <0 .0 0 1

distance to mouth 45.27 <0 .0 0 1

bay 27.18 <0 .0 0 1

salinity 6.55 0 .0 1 1

Axis 2 (28 %) full model 427 0.85 131.30 <0 .0 0 1

month 94.59 <0 .0 0 1

temperature 19.14 <0 .0 0 1

salinity 17.00 <0 .0 0 1

year 14.51 <0 .0 0 1

depth of tow 7.47 0.007

bay 6.33 <0 .0 0 1

bottom depth 5.68 0.018
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Table 2.5. Stepwise multiple regression results of the responses of taxa richness, taxa evenness 

and zooplankton density (log transformed), as functions o f multiple explanatory 

variables. Three separate relationships were modeled to address total densities in the 

upper water column (0-30 m), on a diel scale, and over multiple depths. Variables

separated by a colon represent interaction terms.

Response variable Explanatory variable df r2 F P

All data analvsis (0 - 30 m)

Richness full model 296 0.6524 1 1 .1 1 <0 .0 0 1

month 9.99 <0 .0 0 1

bay 5.01 <0 .0 0 1

month: bay 2.34 0 .0 0 1

Evenness full model 295 0.5887 8.278 <0 .0 0 1

month 8.31 <0 .0 0 1

bay 6.89 <0 .0 0 1

month: bay 6.39 <0 .0 0 1

distance to the mouth 5.57 0.0189

Log(density+l) full model 294 0.7967 22.15 <0 .0 0 1

month 24.18 <0 .0 0 1

distance to the mouth 11.42 0 .0 0 1

bay 3.54 <0 .0 0 1

month: bay 3.33 <0 .0 0 1

bottom depth of station 3.22 0.074
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Table 2.5: continued

Diel analysis (0 -30 m)
Log(density+l) full model 232 0.7483 19.71 <0 .0 0 1

month 23.68 <0 .0 0 1

distance to the mouth 6.81 0 .0 1 0

time of day 4.76 0.009
bay 4.23 <0 .0 0 1

month:bay 3.94 <0 .0 0 1

bottom depth of station 1.39 0.240

Depth analysis

Log(density+l) full model 287 0.7344 31.75 <0 .0 0 1

depth of tow 110.14 <0 .0 0 1

month 33.66 <0 .0 0 1

distance to the mouth 20.03 <0 .0 0 1

bottom depth of station 8.18 0.005

bay 5.98 <0 .0 0 1

month: bay 5.27 <0 .0 0 1

salinity 1.19 0.203
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taxa richness was significantly lower in 1997 than 1996. No significant difference was found in 

the number of taxa between March 1997 and March 1998. Zooplankton richness was second 

highest in November 1996 in Zaikof Bay. When averaged across months, Simpson Bay had 

significantly higher number of taxa than any other bay. Eaglek and Zaikof Bays were not 

significantly different from each other, yet were significantly higher than Whale Bay except in 

May where there were fewer taxa in Simpson Bay than all other bays in 1997. In May 1996, 

Zaikof Bay had the highest number of taxa at any time and location in the study.

Variability of zooplankton taxa evenness among tows was dependent on the month, bay, 

and distance to the mouth of the bay (Table 2.5). The final regression explained 59 % of the 

variability in the taxa evenness of zooplankton in the upper 30 m. Evenness of zooplankton taxa 

was highly variable among bays across seasons. When averaged across months, Eaglek Bay had 

significantly higher taxa evenness measures than any other bay (Fig. 2.4). Evenness was highest 

in May in Eaglek (0.76 to 0.80) and Simpson Bay (0.75 to 0.79) in both years. The month with 

the highest evenness was highly variable in Whale and Zaikof Bays. During the spring bloom, 

many taxa dominated the zooplankton communities of Eaglek and Simpson Bays. Significant 

differences were noted between years during summer months when compared by bay. July, 

August and October evenness measures were different between years in most bays. Interannual 

differences in Simpson Bay were noted where March 1997 (0.47) evenness measures were 

significantly lower than those in March 1998 (0.71). Taxa evenness was similar in Whale Bay 

throughout the year, except October 1996 (0.49) and July 1997 (0.62). Zaikof Bay had highest 

evenness measures in May 1997 (0.64) and August 1997 (0.75).

30



Zooplankton density

Spatial and temporal analysis (0-30 m)

Zooplankton density in the upper 30 m was dependent on month, the distance of the 

sampling site to the bay’s mouth, and bay (Table 2.5). Although bottom depth remained in the 

model after the stepwise analysis, it was not significant in the final regression because of 

differences in the sensitivity of the tests (Cp and F) and confounding effects of multicollinearity 

with the distance to the bay’s mouth (correlation = 0.68). The final regression explained 80 % of 

the variability in the density of zooplankton in the upper 30 m.

Seasonal trends in zooplankton densities were similar in the 4 bays (Fig. 2.5). A strong 

seasonal trend in zooplankton density in 0 -  30 m was apparent in 1996, peaking in June in 

Eaglek (2,748 m '3) and Simpson (5,594 m'3), and July in Whale Bay (3,368 m '3) (Fig. 2.5). The 

peak was not as high in Zaikof Bay, which had consistently high zooplankton densities in May 

(1,234 m'3), June (1,643 m '3), July (1,483 m'3), and August (1,856 m'3). The peak of zooplankton 

biomass in Zaikof Bay was higher in May 1997 (2,845 m'3) than May 1996, but was lower in July 

1997 (980 m"3) than July 1996. Other months had similar zooplankton densities between years.

During the spring phytoplankton bloom in 1996, Simpson Bay had a significantly higher 

zooplankton density than any other bay (Fig. 2.5). Later in the year, the location of the highest 

zooplankton density in the upper 30 m was highly variable. During the fall and winter, when all 

zooplankton densities were low, there were no significant differences among bays. In May 1997, 

zooplankton density was greatest in Zaikof Bay followed by Eaglek and Simpson Bays.

The average zooplankton density was the highest at the head of each bay (average = 946 

zooplankton m \  SE = 169), followed by the sites in the middle of the bay (average = 760 

zooplankton m‘3, SE = 139), and was lowest at the mouth of the bay (average = 670 zooplankton 

m'3, SE = 130).
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Diel analysis (0-30 m)

To examine the effects of time of day on zooplankton density, a diel component was 

added to a model using a subset of data from 1996 and 1997.1 sampled three periods in 24 h to 

compare taxa composition, density and diversity among time categories (Table 2.2). Zooplankton 

density in the upper water column (0-30 m) was dependent on month, the distance of the station 

to the bay’s mouth, the time of day and the bay (Table 2.5). The final regression explained 75 % 

of the variability in the density of zooplankton in the upper 30 m when a diel time category was 

included in the model.

The inclusion of a time category term revealed that zooplankton densities were 

significantly higher in the afternoon (1600 h to 2359 h) and morning (0000 h to 0759 h) than 

during the day (0800 h to 1600 h) in the upper 30 m (F = 4.76, df = 232, p = 0.009). No 

interaction terms that included the time category were significant, suggesting a consistent trend in 

diel densities among months and bays.

Depth analysis

Zooplankton from multiple depths were systematically sampled during 1997 and March 

1998 to examine the effects of depth on zooplankton density (Table 2.2). Density was dependent 

on month, bay, depth of the tow, bottom depth at each site, the distance of the site to the mouth of 

the bay, and salinity (Table 2.5). Salinity was not significant in the final regression analysis due 

to multicollinearity with the distance to the mouth of the bay and bottom depth (salinity: bottom 

depth correlation = -0.34, salinity: distance to the mouth correlation = 0.25). The final regression 

explained 7 3  % o f the variability in the density of zooplankton when a depth component was 

considered in the model.
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The effect of depth accounted for a significant amount of variability in the zooplankton 

density (P < 0.001, Table 2.5). Mean zooplankton density over time and space were significantly 

lower when tows went deeper than 30 m. The highest zooplankton densities were several orders 

of magnitude larger in the upper 30 m of the water column when compared to deeper tows. Much 

of the variability associated with determining the density changes with depth were confounded by 

differences in the time of the tow. Tows collected at night had significantly higher zooplankton 

densities in the deeper tows.

D iscussion

The seasonal succession of species is apparent in this study. From the seasonal taxa 

composition data it was apparent that the dominant energy source is in the system was variable. 

Grazers dominated the zooplankton population in the spring during the phytoplankton bloom and 

omnivorous zooplankton such as Centropages sp. and Metridia spp. became part of the dominant 

zooplankters at the end of summer and in fall, after primary production had decreased. 

Competition among grazers may have resulted in a composition shift to smaller zooplankton after 

the bloom, when succession within the phytoplankton community yields to smaller species as 

well. The first post-spring bloom succession to smaller calanoid copepods and cladocerans was 

found in June and July, most likely due to predator-prey interactions including competition and 

grazing pressures. Prior to the phytoplankton bloom, in March, euphausiid eggs (more in 1998 

than 1997) were released into the water column, possibly timed to hatch when prey items are 

abundant the following month. This occurred approximately a month earlier than in Auke Bay, 

Alaska 325 km south of PWS (Paul et al. 1990).

Physiological attributes of individual zooplankton taxa act to influence species 

interactions. For instance, growth rates of larvaceans are usually greater than those for copepods,
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allowing the larvaceans to respond quicker to limited energy sources in the fall and winter 

(Hopcroft & Roff 1995). Pseudocalanus sp., however, have high growth rates and efficient 

feeding behavior (Frost 1980), which may help them dominate the PWS zooplankton community 

by allowing them to persist year round in this subarctic environment. Spatial differences in the 

zooplankton community structure may be attributable to grazing pressure from planktivorous 

fishes, such as juvenile herring, which dominate some nearshore habitats in PWS. Juvenile 

herring feeding habits follow the seasonal trends in zooplankton density. Their diets are 

comprised o f prey with high energy density that are also dominant zooplankton spp. (Chapter 4).

The species composition in the nearshore areas of PWS includes species from various 

categories. Most o f the taxa found in this study are holoplankton, which permanently inhabit the 

nearshore environment. Pseudocalanus spp., cyclopoid copepods and larvaceans were consistent 

members o f the samples, similar to findings of other studies in nearshore environments of the 

Gulf of Alaska (Wing and Reid 1972, Coyle et al. 1990, Paul et al. 1991b). The species found in 

October 1996 and 1997, with the exception of Paracalanus sp., are consistent with dominant 

species found in PWS from 30 September -  10 October 1975 (Damkaer 1977). Increases in 

zooplankton abundance in the afternoon also were found in 1975 due to the vertical migration of 

a majority o f the plankton.

Interzonal copepods such as Neocalanus spp., which are seasonally important to the 

nearshore environment, were only important in March prior to any significant nearshore 

phytoplankton production (Table 2.3). This differs from coastal studies on the shelf outside PWS, 

which found significant amounts of Neocalanus spp. and Eucalanus bungii (Cooney 1986). 

Several o f these zooplankton species also were found from April to June in Auke Bay and 

Resurrection Bay, Alaska (Wing and Reid 1972, Paul et al. 1991b).



Meroplankton, which only temporarily exist as plankton, significantly influence the 

nearshore environment in PWS. Depending on the month and year, meroplankton made up 

between 5 and 40 % of the zooplankton biomass in Auke Bay, Alaska in April and May, 1987

1989 (Coyle and Paul 1990). Bivalve larvae and barnacle larvae accounted for the majority of the 

meroplankton in the Auke Bay study as well as this study. Although individual species of 

decapod larvae were not the most abundant taxa in this study, collectively they represent a 

significant biomass of the zooplankton in the spring. This is consistent with the peak of decapod 

larvae in Resurrection Bay, Alaska (Paul et al. 1991b).

The importance of relative location of the site sampled was apparent in this study, as 

some variability in zooplankton density and composition was found. Simpson Bay had the 

highest total zooplankton density in March as well as the highest number of species among the 

bays. Simpson Bay zooplankton densities in May and June 1996 (1,500 to 6,000 individuals m'3) 

were in the same range as those found from April to June 1987-1989 in Auke Bay, Alaska (1,500 

to 11,000 individuals m'3)(Coyle et al. 1990). Peak zooplankton densities in June were lower in 

Eaglek, Whale and Zaikof bays than those found in Auke Bay. Perhaps a reason for the 

consistently higher zooplankton abundances in Simpson Bay is its location at the end of Orca 

Inlet. This protected location, which is supported by a larger relatively shallow area in the inlet, 

may be able to support a larger density of plankton in the spring. Eaglek, Whale and Zaikof Bays 

had similar if not cooler temperatures and more saline water in May than during the winter 

months, suggesting that these bays may have a delayed phytoplankton bloom, and subsequent 

delay in the zooplankton maximum when compared to Simpson Bay.

Differences in species composition among bays also suggest that location within PWS is 

important. Oikopleurans became more dominant in the Simpson, Eaglek and Whale Bay 

communities as the calanoid copepod abundance decreased. Zaikof Bay in 1996 was an
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exception, however, because zooplankton densities remained at 1,856 m '3. It is possible that 

increased temperatures in August 1996 in Zaikof Bay are responsible for this maintained 

zooplankton density. The proximity of this bay to the Northern Gulf of Alaska also suggests that, 

depending on the currents in Hinchinbrook Entrance, Zaikof Bay may be influenced by outside 

sources o f zooplankton. The origins of zooplankton in PWS have been studied with the use of 

stable isotope tracers (Kline 1999).

Abiotic factors influence the succession and production of zooplankton communities. On 

a local scale, the amount of insolation and temperature affects the metabolism and productivity of 

zooplankton and therefore dictates seasonal heterogeneity (Sullivan and MacManus 1986, Villate 

1994, Christou & Moraitus-Apostolopoulou 1995, Siokou-Frangou 1996). Although still at their 

coldest levels in March, the 1998 temperatures were 2-3 °C warmer than in 1997, possibly 

allowing stratification to set up earlier. The early warm temperatures in 1998 could have affected 

the timing of the phytoplankton bloom and the physiological state of zooplankton dependent on 

food after the winter (Robinson & Ware 1994, Boyd et al. 1995). Large volumes of freshwater 

runoff can also structure the composition of zooplankton (Legare 1957). I showed a correlation of 

the seasonal density and species composition to salinity (Fig. 2.3). The correlations of seasonal 

increases in temperature and decreases in salinity with changes in species composition and 

abundance were typical of oceanic communities affected by seasonal physical forcing. The 

changes in zooplankton abundance found in this study are consistent with the interannual 

variability in copepod assemblages on the shelf off British Columbia, which had three to ten fold 

changes in biomass (Mackas 1995).

Species assemblages can also be influenced by exogenous species entering the 

community. For example, the presence of the life history stages of taxa associated with deeper 

habitats, such as the euphausiid eggs and nauplii in March and May and Metridia spp. in October,
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may indicate flow into the nearshore bays from deeper central PWS water, resulting in the 

exchange of biological assemblages. Because of anomalous physical variables, exotic species 

arrivals also affect the local zooplankton community, as was seen when a Paracalanus sp. 

appeared in small numbers in August 1997. It is probable that this event was associated with 2 °C 

warmer than average waters entering PWS. Paracalanus sp. is known to do well at 18 -  23 °C 

(Ermakova 1994), which is much warmer than the 10 - 12 °C temperatures recorded at 5 m in 

each of the bays in August to October 1997. It was thought that Paracalanus sp. rarely goes north 

of the Queen Charlotte Islands, British Columbia near the 10 °C isotherm (Giesbrecht 1892, as 

cited in Cameron 1957), although it has appeared in Alaskan coastal waters in very low 

abundance (Damkaer 1977). Paracalanus sp. was abundant in October in all four bays and 

maintained a presence in Zaikof and Simpson Bays through March 1998. The impact of this 

“invasion” on the following spring bloom is unknown. The influence of an exotic species such as 

Paracalanus sp. on the nearshore environment could be significant; both with respect to 

zooplankton competition and planktivorous fish predation.

My analyses show the importance of seasonal and interannual variation in environmental 

conditions and zooplankton abundance. Further work should also focus on trends within seasons, 

including finer spatial scales (i.e. depth, and horizontal distribution within bays). Significant 

relationships between the distance to the mouth of the bay and species composition indicate an 

important gradient within bays that should be studied. Also, now that a general understanding of 

larger scale seasonal patterns is quantified, individual species and taxa groups can be targetted to 

examine particular predator prey interactions and abiotic influences. In this way nearshore 

ecosystems can be further analyzed to predict the influence of heterogeneity in the zooplankton 

community on upper trophic levels.
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Appendices

Appendix 2.1: Taxa composition and density (count m'3) for each month found to be significantly 

different in composition from May 1996 to March 1998. All values are reported. 

(Roman numerals refer to life stage; AM(F) = adult male (female); sm = small)

1996 J_997 J998
taxon May Jun Jul Aug Oct Nov Dec Jan Feb Mar m I 7 Jul Aug Oct MaT

Acanthomysis dybawskii 0.07 0.04
Acanthomysis macropsis 0.17 0.06
Acanthomysis macropsis (sm) 0.04
Acanthomysis nephrophthalmus 0.03 0.08
Acanthomysis pseudomacropsis 0.04 0.06
Acartia Clausi AF 33.50 151.66 126.89 30.69 1.02 0.17 25.50 6.45 1.70 2.13 18.98
Acartia clausi AM 25.52 64.01 39.39 18.22 44.48 1.72 0.85 0.72 3.64
Acartia Clausi IV 5.43
Acartia Clausi V 12.22
Acartia longiremis AF 22.97 111.87 99.35 25.17 7.64 2.12 0.57 0.59 0.82 1.62 22.72 109.16 36.55 4.80 1.50
Acartia longiremis AM 14.59 107.16 150.00 5.80 1.23 0.23 0.55 0.46 21.13 43.43 5.59 1.81 1.31
Acartia longiremis III 1.70
Acartia longiremis IV 5.09 0.96 0.81
Acartia longiremis V 7.36 1.69 0.57
Acartia sp. I 0.68 2.42
Acartia sp. II 7.44 8.49 0.68 1.25 4.56 3.25
Acartia sp. Ill 18.29 37.30 11.68 2.52 1.02 0.68 1.07 7.16 1.70 2.08
Acartia sp. IV 15.97 61.86 41.63 5.84 0.96 0.17 0.51 0.42 0.90 15.08 2.55 4.07
Acartia sp. V 27.63 102.01 107.43 18.29 3.13 0.56 0.64 0.17 0.30 0.81 35.21 8.26 4.32
Acartia tumida 0.41
Acartia tumida AF 1.89 0.11 3.95 0.68
Acartia tumida AM 4.92 0.13 4.36 1.54
Acartia tumida V 0.68 0.68 1.84
Aegina rosea 0.02 0.03 0.93 0.01 0.04 0.07 0.03
Aegina rosea (sm) 1.92
Aequorea sp. 0.06 0.04 0.04 0.01
Aequorea sp. (lg) 0.02
Aequorea victoria 0.04
Aetideidae AF 0.24
Aetideidae AM 0.18
Aetideidae III 0.71 0.06
Aetideidae IV 3.54 1.69 1.72
Aetideidae sp. 1.70
Aetideidae V 0.57
Aglantha digitale 0.15 0.11 0.09 0.21 0.12 0.14 0.05 0.07 0.24 0.07 0.13
Aglantha digitale (lg) 0.07 0.14 1.87 0.39 0.13
Aglantha digitale (md) 0.44 12.37 0.13 0.72
Aglantha digitale (sm) 4.28 23.70 4.53 1.35 2.36 3.83 2.36 1.74 1.71 0.62 0.04 0.78 0.69
Amphipoda 0.04 0.08 0.15 0.02
Amphipoda (sm) 0.04
Armandia brevis 0.04
Arrhis lutkei 0.02
Atelecyclidae megalopa 0.05
Aurelia aurita (frag) 0.04
Autolytus sp. 0.04
Beroe sp. 0.17 0.09 0.28 0.44
Beroe sp. frag 0.04
Bivalvia juv 2.72
Bivalvia larvae 2.43 0.13 1.09 0.23 0.75 3.40 4.20 0.48 0.36
Bivalvia larvae (sm) 4.63 149.39 129.07 38.99
Bougainvillia sp. 0.04 0.61
Bougainvillia sp. (md) 1.07
Bougainvillia sp. (sm) 2.04
Bougainvillia superciliaris 1.07 0.13 0.15 0.03
Brachyrhyncha 0.06 0.04
Brachyrhyncha megalopa 0.04 0.65
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Brachyrhyncha zoea 
Brachyrhyncha zoea (sm) 
Brachyura megalopa 
Bradyidius saanichi AJF 
Bradyidius saanichi AM 
Bradyidius saanichi II 
Bradyidius saanichi IV 
Bradyidius saanichi V 
Bradyidius similis AF 
Bradyidius similis V 
Bradyidius sp. V 
Bythotiara huntsmani 
Calanidae I 
Calanidae II 
Calanidae III 
Calanidae IV 
Calanoida (<2.5mm) 
Calanoida I 
Calanus marshallae 
Calanus marshallae AF 
Calanus marshallae AM 
Calanus marshallae I 
Calanus marshallae II 
Calanus marshallae III 
Calanus marshallae IV 
Calanus marshallae V 
Calanus pacificus 
Calanus pacificus AF 
Calanus pacificus AM 
Calanus pacificus II 
Calanus pacificus III 
Calanus pacificus IV 
Calanus pacificus V 
Calanus sp. II 
Calanus sp. Ill 
Callianassidae 
Callianassidae zoea 
Calyptopids 
Cancridae megalopa 
Candacia bipinnata AF 
Candacia columbiae AF 
Candacia columbiae AM 
Candacia sp. AF 
Candacia sp. II 
Centropages abdominalis 
Centropages abdominalis AF 
Centropages abdominalis AM 
Centropages abdominalis II 
Centropages abdominalis III 
Centropages abdominalis IV 
Centropages abdominalis V 
Chrysaora melanaster 
Cirripedia cyprid 
Cirripedia nauplii 
Cirripedia nauplius 
Clausocalanus sp. AF 
Clione limacina 
Clione limacina (lg)
Clione limacina (sm)
Cnidaria (sm)
Cnidaria frag 
Conchoecia sp.
Conchoecia sp. (lg) 
Conchoecia sp. (sm) 
Copepoda nauplii 
Corymorpha flammera 
Corymorpha flammera (sm) 
Coryne princeps 
Coryne princeps (lg)

0.27
0.68
0.17

2.75 0.98
0.57

0.17 0.43
0.48 0.41

1.00 1.92
0.27 
0.42 

0.18 0.71

0.05 0.28 
0.08

14.72 14.03 8.73
6.01 2.91

0.64
0.85

0.50
0.48

3.68
4.55
2.77

0.04 0.93 0.37

8.15
5.43
7.94

6.45
2.72
8.15
0.52

0.76
0.83
0.59 0.05 
2.27 0.15

2.72 1.07 0.17 0.17

0.99 0.68
1.70 0.21 0.47

1.36 1.17 0.53 0.13
0.74 1.23 0.47 0.12 0.36

0.04 
3.65 0.11 

0.38

0.15 0.44 
0.25 0.63 
0.64 0.10 
5.36 0.20 

0.54

6.90
4.91 
2.97 
2.14

1.02

0.68
0.49 0.27

0.87
6.79
1.70
5.70
1.71 
2.85 
2.52

0.17 0.34 0.52

1.07 0.96 
1.25 0.92 
0.98 0.22 0.69 
0.71 1.07 2.11

0.16
0.90

0.73
0.48

0.81
0.57
0.55

0.04
0.04 0.68

0.04

0.68

0.04 2.74

0.20
0.04

0.59 0 4 09

0.17

0.17

0.55 0.22

0.39
3.40

0.21

2.72
1.73 14.01 13.70 7.88 13.07
4.48 17.75 17.11 4.74 2.04

2.72
9.78 16.30 2.72 5.60
2.89 18.02 14.83 6.31 1.36 0.08
4.32 29.59 20.15 11.46 3.52

10.77 18.35 8.69 10.87 0.13

56.50 44.46 20.88 12.37 2.62 0.17
0.68

3.26 0.06 0.17

0.96 4.11 4.64 1.02
0.17 0.25 0.12 0.04

5.09
6.06 4.25 1.46 0.68 0.78
4.79 1.70 0.85 1.24

7.33 4.34 2.15 0.31
0.34 11.06 6.49 1.68 0.44

0.04
1.03 10.48 5.12 1.26 0.30

5.18
0.17 0.60 74.35 124.81 9.97 4.49 0.18

0.10 0.26 0.02 0.02 0.01

0.51
3.43 1.05 0.62

2.68 0.93 0.64 0.45

1.11 

0.02

3.65
4.46

7.18

34.59

0.04
0.02

0.04
2.33

0.39
1.46 3.27

0.68 114.08 0.46 0.85
0.01 0.03

0.03 0.41 0.32
0.04

0.04

15.76 9 5.43 1.59
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Coryne princeps (sm)
Coryne prineris 
Coryne sp.
Crangon alaskensis 
Crangon alaskensis zoea 
Crangon sp.
Crangonidae 
Crangonidae zoea 
Crangonidae zoea (sm) 
Cryptoniscidae 
Cryptoniscidae larvae 
Ctenophora 
Ctenophora (lg)
Ctenophora (sm)
Ctenophora frag 
Cumacea 
Cumacea (lg)
Cumacea (sm)
Cyclopoida
Cyphocaris challengeri
Cyphoearis challengeri (lg)
Cyphocaris challengeri (md)
Cyphocaris challengeri (sm)
Cyphonautes
Decapoda
Decapoda megalopa 
Diastylis sp.
Dimophyes arctica 
Dimophyes arctica (lg) 
Dimophyes arctica (sm) 
Echinodermata 
Echinospira 
Echinospira (md)
Echinospira (sm)
Eirene indicans 
Eirene indicans (lg)
Eirene indicans (md)
Eirene indicans (sm)
Eirene sp.
Epilabidocera amphitrites 
Epilabidocera amphitrites AF 
Epilabidocera amphitrites AM 
Epilabidocera amphitrites II 
Epilabidocera amphitrites III 
Epilabidocera amphitrites IV 
Epilabidocera amphitrites V 
Epilabidocera longipedata AM 
Epilabidocera longipedata II 
Epilabidocera longipedata III 
Epilabidocera longipedata IV 
Epilabidocera sp. AF 
Epilabidocera sp. IV 
Eucalanus bungii 
Eucalanus bungii AF 
Eucalanus bungii AM 
Eucalanus bungii I 
Eucalanus bungii II 
Eucalanus bungii III 
Eucalanus bungii IV 
Eucalanus bungii V 
Euchaeta elongata 
Euchaeta elongata AF 
Euchaeta elongata AM 
Euchaeta elongata II 
Euchaeta elongata III 
Euchaeta elongata IV 
Euchaeta elongata V 
Eukrohnia hamata 
Euphausia pacifica

0.04 0.68 0.05
0.37 1.50 0.20

0.06
0.04

0.04

0.08

10.62 5.77

1.36
2.72

0.34 1.88 2.26

1.83 3.74 5.43

2.72 21.73 0.04
0.04

2.72
1.36

0.04 0.09
0.12

0.07 0.04
0.27

1.36 0.68 0.25

0.04 0.94 0.08 0.06
0.21 
0.42 
0.04 
0.04

0.10
3.26

0.17 0.21 0.19 0.04

0.18 3.01 0.45
0.57 

0.12 2.51

1.70
0.44

0.12
0.34 0.21 0.23 6.79 0.93 0.32

1.70
0.19 0.21

0.54
0.91 2.03 0.03

0.33
0.20

0.06 0.04 0.04

0.11 0.11 0.10 0.14
0.06 1.61

0.05

0.85 0.0
1.03 0.41
0.11 0.27

0.04

0.68 0.04
0.04

1.36 0.17 0.0!
0.51
0.59

1.36 0.06

0.04
0.09

0.08

1.36 0.08 0.03

0.17

0.47

0.01
0.68 0.25 0.05

0.02 0.01 
0.04 0.05 0.18 0.11

0.03

0.25 0.30 2.35 0.90 4.60
7.81 4.82 8.63 45.05 1.75 47.57 1.33 3.20

0.03
0.56

0.04
0.31 0.13 0.08 0.23 0.46 0.03 0.26 0.11

1.19 0.35
1.09

0.18 4.37

1.85 1.21 0.24
0.29 
0.25

2.26
3.40

0.64
1.42
0.85
0.57
1.70
0.49

0.02 0.04 0.24 0.44
0.02 0.01

2.33 
0.45

2.33 
0.03 2.04 
0.03

0.11 0.03 0.02
0.01 0.01 

0.08 0.12

0.88 0.47
1.07

0.31 2.06 0.21

0.04 0.06 0.06
0.04 0.08

0.21 0.28 
0.08 0.08 

1.30 0.95 0.13 0.11 0.16
0.06 0.05 
1.51 0.15

6.06 9.19

0.21



47

Euphausia pacifica juv 
Euphausia pacifica juv (sm) 
Euphausiacea calyptopis 
Euphausiacea egg 
Euphausiacea furcilia 
Euphausiacea juv 
Euphausiacea nauplii 
Eurytemora sp.
Eurytemora sp. AF 
Eurytemora sp. AM 
Eurytemora sp. V 
Evadne sp. 
fish eggs 
fish eggs (lg) 
fish eggs (md) 
fish eggs (sm) 
fish juv 
fish larvae 
Fritiiaria sp. (sm)
Gaetanus intermedius 
Gaetanus intermedius AF 
Gaetanus intermedius V 
Gaetanus IV 
Gaidius variabilis AF 
Galatheidae 
Galatheidae zoea 
Gastropica pacifica 
Gastropoda juv 
Gastropoda larvae (lg) 
Gastropoda larvae (sm) 
Gastropteron pacificum 
Gonionemis (sm)
Gonionemis sp (lg) 
Gonionemis sp (md) 
Gonionemis sp.
Gonionemis vertens 
Harpacticoida 
Harpacticus sp.
Harpacticus uniremus 
Heterorhabdus sp AF 
Heterorhabdus sp IV 
Heterorhabdus tanneri AM 
Heterostylites longicomis AM 
Hippolytidae 
Hippolytidae (sm) 
Hippolytidae zoea 
Hippolytidae zoea (lg) 
Hippolytidae zoea (md) 
Hippolytidae zoea (sm)
Hyas megalopa 
Hyperia sp.
Hyperoche medusarum 
Invertebrate eggs 
Lar flavicirratus 
Lar flavicirratus (md)
Lar flavicirratus (sm) 
Leptocuna sp.
Leptostylis sp.
Leuckartiara foersteri 
Limacina helicina 
Limacina helicina (sm) 
Lucicutia flavicomis 
Lucicutia sp.
Lucicutia sp. AF 
Lucicutia sp. AM 
Lucicutia sp. V 
Malacostracajuv 
Melicertum campanula 
Melicertum campanula (md)

33.11 20.61
19.01 6.90

5.43
2.72 
3.16

4.07
1.36
2.72
5.43

26.31 406.83 52.63

0.04
0.21 0.11 0.05
57.54 37.05 10.87

5.43

9.96 57.09 102.63

6.52 4.62
2.72

2.33 0.79 1.38
4.68 1.51 0.08
1.00 0.69 0.45
0.30 0.19 0.03 0.02
2.21 0.34
3.40
2.38

16.30
13.27 2.72

0.04
0.20
2.72

0.63 0.34 0.32
0.08 0.14

0.04

0.05 0.04 0.05

0.16 0.11 0.12

10.43 70.96 13.58
77.51 34.22

0.04
0.04

43.99 7.37 1.80 0.61 0.55
47.61 1.67 11.39
4.04 3.92 1.02 0.42

64.91 5.11 1.42 0.32 1.01
0.54 1.13
1.13 1.24
3.40 0.85

0.34 1.02
0.26 0.68

21.42 3.33 3.40
1.80 1.27 0.90

3.28

0.09 0.04 0.02 0.02 0.06 0.04 0.07
2.38 3.42 9.22 2.22 0.62 7.98 39.71

0.03

0.03

0.04
0.12 1.03 0.61 0.04

188.39 1.39
0.06
3.60
0.55
0.08
0.32

65.05 3.54 2.26 14.90 105.38 14.60 8.8 
0.02

0.04 
0.04

1.85 0.30

2.04 2.21
8.71 56.45 13.17 3.62 1.30

0.07 0.10
0.04

0.10 0.02

0.06 0.17 0.59 0.34 0.19

0.17
2.72

0.51 0.17 0.08 0.04

2.66 1.81 1.15 0.18 0.81

0.76 1.01 2.69 1.32 0.21 0.20
0.05
0.16
1.15 0.04 0.25 0.17 0.29
0.04

0.02 0.04

0.19 0.14 0.05 0.06 0.11 0.05
0.19
0.70 1.02

0.02 0.03
11.21 0.85 2.44 1.92 0.88 1.77

0.17
0.24

0.17 0.15
0.08

0.17

0.91 0.13 0.06 0.03 0.06 0.04

0.42 1.42
0.04 0.13

0.01

15.01 3.36
0.10 0.10 0.33 0.11 0.05

0.05 0.19
0.04
1.81 4.49 2.25 1.77 1.16

3.40
0.04 0.32 0.13 0.14

0.04 0.24 0.42

U 8

2.10 8.10

20.65 8.07

0

0.04

0.36

0.01

0.32



Melicertum octocostatum 
Melicertum sp.
Mesocalanus tenuicomis 
Mesocalanus tenuicomis AF 
Mesocalanus tenuicomis AM 
Mesocalanus tenuicomis I 
Mesocalanus tenuicomis II 
Mesocalanus tenuicomis III 
Mesocalanus tenuicomis IV 
Mesocalanus tenuicomis V 
Meterythrops robusta 
Metridia okhotensis 
Metridia okhotensis AF 
Metridia okhotensis AM 
Metridia pacifica AF 
Metridia pacifica AM 
Metridia sp. I 
Metridia sp. II 
Metridia sp. Ill 
Metridia sp. IV 
Metridia sp. V 
Microcalanus sp. 
Microcalanus sp. AF 
Microcalanus sp. AM 
Microcalanus sp. V 
Monoculodes sp.
Monstrilla sp.
Mysidae 
Mysidaejuv 
Mysidae juv (lg)
Mysidae zoea 
Mysis sp.
Neocalanus cristatus AF 
Neocalanus cristatus IV 
Neocalanus cristatus V 
Neocalanus flemingeri 
Neocalanus flemingeri AF 
Neocalanus flemingeri AM 
Neocalanus flemingeri IV 
Neocalanus flemingeri V 
Neocalanus plumchrus 
Neocalanus plumchrus AF 
Neocalanus plumchrus V 
Neocalanus sp. AF 
Neocalanus sp. I 
Neocalanus sp. II 
Neocalanus sp. Ill 
Neocalanus sp. IV 
Neomysis rayii 
Nephtyidae 
Nereidae 
Obelia sp.
Oikopleura sp.
Oikopleura sp. (lg)
Oikopleura sp. (md) 
Oikopleura sp. (sm)
Oithona similis 
Oithona similis AF 
Oithona sp.
Oithona spinirostrus 
Oithona spinirostrus AF 
Oncaea sp.
Ophiuroidea
Ophiuroideajuv

Oregoninae zoea 
Oregoninae zoea (sm) 
Ostracoda 
Ostracoda (sm)

18.77
28.49 10.87
20.84 8.83
12.90 29.20

0.81 0.61 0.68
0.34 0.17 

1.44 
0.80 1.13

1.53 0.63 2.38
0.96 1.06 0.64
1.25 1.12 0.86

3.17 0.04

2.49 0.26 0.11

1.02
2.04 0.82 1.25

2.72 3.30 0.80 1.38
2.38 3.25 1.43 0.89
3.85 13.84 1.38 1.27

1.36

0.04
0.22

0.37 0.06

2.95 8.15
2.04 5.43
2.72
0.86 0.04

0.04 0.04
0.23 0.04
4.26 4.98 58.89
37.31 137.10 76.64

20.22

12.68

0.04 0.13
0.70 1.03 0.06

0.34
0.17 0.40

0.02

4.03
6.32

2.24

5.66
3.50

0.93
0.17

15.36 8.16 
0.46 1.01

1.36 0.68
0.04 0.13 0.11 0.02

0.68 

0.06
0.51
0.25 0.70
0.38 2.60

0.47
0.22 3.47 ' 57.29
0.57 2.90 59.92
0.55 2.17 40.52

5.09 0.68 2.17 12.20
3.23 0.89 2.28 6.09

2.43 5.77
0.17

1.02

0.02 
0.04 0.01
1.36

0.02 
0.06 0.01

0.02 0.01 0.96 0.32
0.08 0.02 0.06 0.02 0.03

0.06 
0.47 0.28

0.01 
0.12 

0.10 3.28

1.91 0.92 2.67
0.64 0.17 1.13
4.01 4.18 5.12
1.63 1.36 2.16

0.54 2.04 
0.24 4.98 1.75
0.33 6.93 3.11
1.10 7.80 4.15

4.12
1.32

0.16
0.05
0.05
0.30

0.02 0.09

0.02 0.01 
0.11

2.72 0.79 0.42
1.36 2.72

0.08 2.80

0.72 10.83 6.16
0.34 3.65 6.65

0.95 3.54
0.22 2.92

0.03 0.10 0.13

1.11
7.84
7.75
8.65
2.13

0.06 0.59 
0.04

0.03
1.83

0.04

41.54 25.33 5.70 2.77 0.51 1.25 3.18 5.31 51.23 17.92 4.59 11.12
33.53 8.71 0.46 10.73 6.31 16.85 31.78 40.92 4.52 2.52 0.83 0.57

6.57
2.91

3.31 2.53 3.38 6.24 1.20 2.21 1.59 4.46 2.58 1.80 1.09 0.69
2.77

1.70 11.90
0.03

0.01

0.04 0.96
0.34 5.43

1.57 0.89 
0.85 0.17 2.08 0.44

11.11 11.57
0.17
0.17 0.55

0.38 0.04

0 02
0.04

0.64 0.08

0.02
0.20 0.99 0.01

0.16 0.04
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Paguridac
Paguridae glaycothoe 
Paguridae megalopa 
Paguridae zoea 
Paguridae zoea (sm) 
Pandalidae 
Pandalidae zoea 
Pandalopsis dispar 
Pandalopsis dispar zoea 
Pandalus platyceros 
Pandalus platyceros zoea 
Pandalus sp.
Paracalanus sp. 
Paracalanus sp. AF 
Paracalanus sp. AM 
Paracalanus sp. V 
Parathemisto juv 
Parathemisto juv (sm) 
Parathemisto libellula 
Parathemisto libellula (lg) 
Parathemisto pacifica 
Parathemisto pacifica juv 
Parathemisto sp. 
Pasiphaea pacifica 
Pasiphaea pacifica juv 
Pasiphaeidae zoea 
Perigonimus (sm) 
Perigonimus sp.
Pholoe minuta 
Phoxocephalidae 
Pinnixia sp.
Pinnotheridae (sm) 
Pinnotheridae megalopa 
Pinnotheridae zoea 
Pisinae Zoea 
Podon sp.
Polychaeta 
Polychaeta (sm) 
Polychaeta adult 
Polychaeta juv 
Polychaeta juv (polydora) 
Polychaeta larvae 
Pontogeneia sp.
Primno macropa 
Primno macropa (sm) 
Pseudocalanus sp. AF 
Pseudocalanus sp. AM 
Pseudocalanus sp. I 
Pseudocalanus sp. II 
Pseudocalanus sp. Ill 
Pseudocalanus sp. IV 
Pseudocalanus sp. V 
pteropod
Rathkeajaschnowi 
Rathkea octopunctata 
Sagitta elegans 
Sagitta elegans (md) 
Sagitta sp.
Sagitta sp. (lg)
Sagitta sp. (md)
Sagitta sp. (med + lg) 
Sagitta sp. (sm + md) 
Sagitta sp. (sm)
Sagitta sp. juv 
Scalibregmidae 
Scolecithricella minor 
Scolecithricella minor V 
Scolecithricella ovata 
Siphonophora

0.38 0.12 0.05
0.04 
0.04

0.11 0.17 1.09 1.82 0.32

0.04
0.04 0.04 0.04 0.04

0.04

0.14 2.50 21.73 1.31 0.71 0.25
1.70

0.05 0.21 0.04

0.05 0.12 0.09 0.25 0.14 0.04 0.04

0.21 0.06 0.21 0.14 0.11

0.11 0.02

0.63 

1.79

0.08 0.58
2.72 
0.08 
3.44 
0.02

0.04
0.04

1.19 0.92 2.10

0.03 0.05
0.02

0.03 0.20
1.29 
0.24

0.01 0.02 0.02
0.00

0.05
0.18

0.63
0.42
1.10

1.27

0.01 0.04

1.18 0.33 0.05 
0.71

0.36
0.99

7.47

15.74

2.72

56.70
50.25
7.82

40.90 
26.36
5.23
6.90

23.23 
65.98 
138.05

0.04
2.04

8.15 
1.36

199.67 85.45 72.87

5.28 0.08 1.04 0.17 0.48 0.42

5.09 1.40 0.81 0.91 0.39 0.25 0.15

0.06 0.04 0.24

124.96 305.10 111.56 71.49 10.98 4.13 2.40
66.13 91.45 21.82 4.42 0.72 0.33 0.32
2.72
9.44 6.79 2.72

45.78 21.28 6.99
162.31 128.93 42.23 3.94 0.20 5.31 3.17
397.07 400.06 134.43 28.63 6.46 13.44 9.64

0.04

0.68
0.85 0.0!

2.56
0.02
0.17 0.98 9.74

0.03

0.02 0.01 
0.36 0.79 83.60

1.61 9.90

0.02 0.03 0.02

9.37 21.89 37.89 
1.79 2.89 19.02

1.61 4.71
1.88 7.18

0.51 1.63 17.30
2.69 5.78 60.59 
9.88 20.37 128.18

3.59

36.13

0.61 0.66 
0.03

6.05 0.84 2.55

2.23 0.81 0.32 1.21

1.98 0.90 0.32 2.77
0.89

0.00 0.02
0.35

172.04 43.86 11.90 18.21
25.89 9.49 4.72 4.05
1.78 1.70 0.35
2.55 1.06 1.24
2.22 1.49 0.28 0.34
3.73 2.76 1.13 2.92
86.13 22.76 9.91 16.00

0.32 0.19
0.38 1.85

0.23 0.11 
0.56 0.08

1.50 0.67 0.38

0.04 0.09 0.14
0.08

1.19 0.38 0.25
0.07

0.04 0.31 0.07 0.18
0.25 
0.23

5.14
5.43

0.70 0.27 0.34 0.30 0.53 4.30 0.46 0.71 0.77 2.23

2.72
10.87 1.36
0.11 0.05 0.04

0.51 0.39
0.59

0.10 0.55 1.39

0.53 0.69 
0.38 0.68 
0.64 1.12 4.81
0.13 0.65

0.04
0.51 0.66

0.27
0.87 0.83 1.81

0.76

0.27 0.26

0.61 0.50

1.45
0.01

3.40 0.23
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Siphonophora bract 3.84
Siphonophora bract (sm) 1.10
Siphonophora frag 0.04 0.17 0.17 0.03
Stomatoca atra 0.04
Syllidae 0.04 0.01
tentacle mass 0.04
Thysanoessa calyptopis 0 04
Thysanoessa inermis 
Thysanoessa inermis AF

0.04 0.04 0.02 0.04 0.07
0.01
0.02
0.02

Thysanoessa inermis AM
Thysanoessa inermis juv (sm)
Thysanoessa inspinata 0.01
Thysanoessa longipes 0.01 0.02 0.04
Thysanoessa rase hi i 0.04 0.14 0.02 0.02 0.01 0.03 0.05 0.05
Thysanoessa raschii AF 0 04
Thysanoessa raschii AM 0.05
Thysanoessa raschii juv 0.03 0.08 0.04
Thysanoessa raschii juv (lg) 0.04
Thysanoessa raschii juv (sm) 0.80
Thysanoessa sp. 0.04 0.04 0.02 0.76 0.13
Thysanoessa sp. furcilia 4.28 1.11
Thysanoessa sp. juv 0.32 0.08 0.21 0.21
Thysanoessa sp. juv (sm) 0.03
Thysanoessa spinifera 0.04 0.03 0.01 0.08 0.01 0.03
Thysanoessa spinifera AF 0.01
Thysanoessa spinifera juv 0.03
Thysanoessa spinifera juv (sm) 0.05
Tomopteris sp. 0.04 0.02 0.02 0.03 0.00 0.01 0.17
Tortanus discaudatus 0.17
Tortanus discaudatus AF 2.11 21.73 5.06 1.04 0.30 0.34 0.17 0.76 3.28 4.59 1.59 0.39 0.64
Tortanus discaudatus AM 4.75 6.79 2.72 6.49 1.47 0.08 0.17 0.51 0.25 0.17 4.06 5.04 1.09 1.13 0.86
Tortanus discaudatus I 1.36 1.40 2.04 0.17 0.93
Tortanus discaudatus 11 16.30 13.31 5.26 0.17 0.95 0.93 0.17 2.21 4.07 2.55 0.28 0.94
Tortanus discaudatus III 4.62 38.03 2.72 3.98 0.59 0.51 1.32 1.08 0.21 1.57 12.22 2.17 3.60 0.80 1.57
Tortanus discaudatus IV 5.57 14.80 7.92 3.23 0.85 1.03 1.44 0.23 0.77 7.22 3.29 1.89 1.02 3.97
Tortanus discaudatus V 2.34 19.56 6.52 4.10 2.04 0.50 1.02 0.85 1.02 1.09 6.56 3.26 1.76 0.77 5.10
Typhloscolex mulleri 0.06 0.13
unknown AM 0.34
Velligon 0.85
Westwoodilla sp. 0.04
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CHAPTER 3: Feeding Characteristics of Juvenile Pacific Herring: Trends in Prey 

Availability and Environmental Conditions in the Nearshore Subarctic1

Abstract

Pacific herring {Clupea pallasi Valenciennes 1847) in Prince William Sound (PWS), 

Alaska, are commercially exploited fish that have incurred multiple year class failures between 

1993 and 2000 that resulted in the reduction of fishing. There has been an increased interest in the 

juvenile herring life history characteristics to determine the cause of the failures. The diets of 

juvenile herring were examined from four bays in PWS from March 1996 through March 1998.1 

examined the relationships between juvenile herring diets, prey taxa abundance, diversity, 

preference, and environmental conditions. Nonmetric multidimensional scaling ordination 

techniques revealed that prey species composition was correlated to spatial and seasonal trends in 

temperature and herring depth. Seasonal maxima in feeding, diet diversity, and selective feeding 

were noted in the spring when zooplankton are abundant. Small calanoid copepods and Cirripedia 

larvae dominated spring diets in 1996 and 1997. Euphausiacea were found in the 1996 spring 

diets, but in 1997, Metridia spp. and Neocalanus spp. adults were fed upon. In June through 

August, Cladocera, invertebrate eggs, Oikopleura sp. and small copepods made up the majority of 

prey items. Prey selectivity was higher during the winter months when prey was scarce, was 

positively correlated fish length and negatively correlated to fish depth. Based on prey selection 

information, herring were opportunistically feeding from 0800 h to 1600 h and feeding more 

selectively on large calanoid copepods from 0000 h to 0800 h. Both feeding strategies were 

employed during low light levels from 1600 h to 2359 h, when the abundance of prey in the

1 Foy, R. J. and B. L. Norcross. To be submitted. Feeding characteristics of juvenile Pacific 
herring: trends in prey availability and environmental conditions in the nearshore 
subarctic. Canadian Journal of Fisheries and Aquatic Sciences. 00: 000-000.
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stomachs was highest. Increased temperatures in the summer and fall of 1997 were found to 

influence herring feeding characteristics by decreasing zooplankton density and decreasing 

herring feeding. Seasonal and spatial variability in prey density significantly affects seasonal 

feeding patterns of herring. Environmental changes such as temperature can cause large 

fluctuations in prey availability in PWS leading to decreased feeding in juvenile herring.

Introduction

Knowledge of information regarding prey availability and environmental conditions is 

important to adequately quantify the feeding characteristics of young fishes (Hjort 1914, Cushing 

1975, Lasker 1975, Maksimenkov 1982, Cushing 1990, Bollens et al. 1992, Arrhenius 1996). 

Feeding success and prey composition are linked directly to condition, growth and recruitment of 

young fish (Shepherd & Cushing 1980, Lasker 1981, Crowder et al. 1987, Houde 1987, Anderson 

1988, Miller et al. 1988, Walters & Juanes 1993) and subsequently affect population level 

survival.

Pacific herring (Clupea pallasi Valenciennes 1847) are a commercially exploited forage 

fish in the Prince William Sound (PWS), Alaska ecosystem. Multiple year class failures between 

1993 and 2000 resulted in the reduction of fishing and an increased interest in the juvenile life 

history characteristics. Development of juvenile (<250 mm) herring (age-0 to age-2) occurs in 

nearshore environments affected by and yet unique from the rest of PWS (Stokesbury et al.

2000). Age-0 herring recruit to the nearshore during metamorphosis in July and August 

(Stokesbury et al. 2000). Growth of juvenile herring occurs sporadically and is dependent on 

water temperature (Tanasichuk 1997). The net energy density of age-0 PWS herring increases 

from metamorphosis in June to the fall (Paul & Paul 1998a), with considerable decreases during 

the winter months of their first year, during winter fasting (Paul & Paul 1998b, Paul et al. 1998,



Chapter 5). The nutritional state of juvenile herring is hypothesized to be one factor related to 

PWS herring collapses (Pearson et al. 1999). Study of the feeding dynamics of juvenile herring 

will lend insight into herring growth and condition.

Herring are zooplanktivorous fish and depend on seasonal availability of prey for growth 

and energy storage (Blaxter & Holliday 1963). Herring are vertical migrators, so the diel 

differences in spatial overlap with prey items are important for feeding (Blaxter & Holliday 

1963). The diets of juvenile herring in PWS vary on multiple spatial and temporal scales (Boldt 

1997, Chapter 4). Feeding intensity is highest in May and June when zooplankton biomass and 

energy density is at its peak (Foy & Norcross 1999, Chapter 4). Winter feeding is minimal and 

below levels required for general maintenance (Chapter 5). However, the direct correlation 

between juvenile herring feeding characteristics in PWS and prey availability has not been 

examined.

Relating changes in the environment to spatial and temporal scales of biological 

responses is important to understanding the mechanisms affecting coastal ecosystem production 

(McGowan et al. 1998). Nearshore zooplankton abundance, diversity, and species composition in 

PWS have been linked to seasonal and annual trends in temperature and salinity (Chapter 2). 

Temperature fluctuations affect the metabolic rate and energetic condition of juvenile fishes 

(Kitchell et al. 1977).

The purpose of this study was to quantify the feeding characteristics of juvenile Pacific 

herring with respect to temperature, salinity and prey availability. To accomplish this, my 

objectives were to first establish trends in the herring diet composition and prey preference. Prey 

taxa composition was correlated to season, temperature, salinity, and depth. My next objective 

was to relate the trends found in feeding to the characteristics of the nearshore zooplankton 

community (Chapter 2). Examining the relationships between herring and its prey may elucidate
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mechanisms responsible for poor recruitment in PWS by revealing the effects of prey variability 

on herring feeding and success.

Methods

Sample collection and processing

PWS, on Alaska’s southern North Pacific coast (Fig. 3.1), is a large, fjord-type estuarine 

system with numerous shallow bays, fjords, and tidewater glaciers (Niebauer et al. 1994). I 

sampled juvenile herring from two deep fjords with depths > 250 m (Eaglek and Whale Bays) as 

well as two relatively shallow estuaries with depths < 100 m (Simpson and Zaikof Bays) located 

in roughly the four comers of PWS (Fig. 3.1).

Sampling for juvenile herring and zooplankton occurred fifteen times between March 

1996 and March 1998, including only Simpson and Zaikof Bays during the 1996-1997 winter 

months (Table 3.1). Over the course of 7 days, each bay was sampled three times a day (day:

0800 to 1559 h, evening: 1600 h to 2359 h, morning: 0000 h to 0759 h). Juvenile herring (<250 

mm) schools (n=194) were caught using a purse seine vessel with a 250 m x 34 m or 250 m x 20 

m, 150 mm stretch mesh anchovy net or a trawl vessel with a 40 m x 28 m, 150 mm mesh mid

water wing trawl net. Depth of the tow was dependent on fish depth determined by 

hydroacoustics. Fifteen to twenty fish were randomly chosen from each catch and preserved in a 

10 % buffered formaldehyde solution. After 24 hours, samples were transferred to 50 % 

isopropanol for diet analysis. For zooplankton sampling, 535 vertical tows were made with a 0.5 

m 300 |um mesh ring net from standardized sites within the four bays. Tows were lowered to 30 

m and then retrieved at a constant speed (0.5 m/s). Volume filtered was determined by 

multiplying the area of the
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Figure 3.1: Location of Prince William Sound, Alaska and four bays sampled between March 

1996 and March 1998.
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Table 3.1. The number of juvenile herring collected and analyzed for diet contents between

March 1996 and March 1998 from four bays in Prince William Sound, Alaska. Zero 
values indicate no sample was taken.

Collection period Eaglek (n) Simpson (n) Whale (n) Zaikof (n) Total
March 1996 146 29 60 100 335
May 1996 90 134 76 91 391
June 1996 97 108 90 76 371
July 1996 15 0 74 46 135
August 1996 20 102 90 45 257
October 1996 75 90 30 75 270
November 1996 0 49 49 46 144
December 1996 0 44 0 36 80
February 1997 0 35 0 45 80
March 1997 15 60 16 62 153
May 1997 92 50 61 91 294
July 1997 37 140 45 45 267
August 1997 104 150 44 0 298
October 1997 15 15 30 45 105
March 1998 16 39 30 17 102

Total 722 1045 695 820 3282



ring net mouth by the depth of the tow. Wire angle was noted in order to maintain consistency of 

the depth sampled between tows and to calculate volume sampled. Samples were immediately 

preserved in a 10 % buffered formaldehyde solution. Taxa from subsamples split with a Folsom 

splitter were identified as close to species and life stage as possible. The number of splits was 

determined after approximately 100  individuals of the dominant taxa remained.

Conductivity and temperature at depth (CTD) measurements were taken at 1 m intervals 

concurrent with all ring net tows with a SeaBird SEACAT SBE 19 instrument from the surface to 

1 m from the maximum depth. The temperatures and salinities from 5 m to 10m were averaged 

for all analyses in this study as a proxy for seasonal temperature fluctuations in the water column.

In the laboratory, each fish was blotted dry, weighed to the nearest 0.01 g, and standard 

length (SL) was measured to the nearest 1.0 mm. To quantify the amount of food in stomachs I 

calculated stomach content weight as % body weight (%BW) by dividing the stomach content 

weight by total fish weight. Excised stomachs were weighed to the nearest 0.001 g, cleared and 

reweighed to determine stomach content weight. All empty stomachs were noted.

Taxa from each stomach were enumerated and identified to the lowest possible 

taxonomic level. Life history stages of prey were identified when possible and were limited 

mostly to egg, nauplius, larva, juvenile (juv) and adult male/female (AM/AF). Decapoda zoea and 

megalops stages were also noted when appropriate. In some cases, due to digestion, it was only 

possible to identify prey to a broad taxonomic grouping (i.e. Decapoda or Calanoida > 2.5 mm).

Analysis

Taxa composition of fish diets was examined by ordination of dissimilarity indices. Bray- 

Curtis dissimilarities of herring diets were calculated on root-root transformed counts of prey. A 

root-root transformation was chosen because species that are more abundant are weighted less, to



allow relationships of less abundant species to be detected (Field et al. 1982). The Bray-Curtis 

measure was chosen due to its robust response to samples where some taxa are absent and 

because it is not sensitive to the effects of rare taxa (Bloom 1981, Field et al. 1982, Krebs 1989). 

A nonmetric multidimensional scaling (NMDS) ordination was then applied to the dissimilarity 

matrix (Shepard 1962, Kruskal 1964, Field et al. 1982). These methods have been commonly 

used and accepted in ecological analyses (Kenkel & Orloci 1986, Minchin 1987, Clarke & 

Ainsworth 1993). A stress value of 10 was assumed to be an acceptable level of consistency 

between the ordination and the rank order of the dissimilarity matrix (Kruskal 1964). The results 

of the NMDS are represented by a continuum, where a number of axes scores represent the rank 

order of the dissimilarities and account for most of the variation (dependent on the stress value 

chosen) in the data. Therefore, each axis represents an index of the taxa composition in the diet.

The diversity of taxa in the diets was assessed by indices of richness and evenness. I used 

both diversity indices to account for changes in the number of taxa as well as the shape of the 

frequency distribution of taxa in the herring diet. Taxa richness was calculated by counting the 

number of taxa within each stomach. Evenness indices describe the number of each taxa 

represented and were calculated by scaling the Shannon-Wiener heterogeneity index relative to 

the maximal value obtainable (Krebs 1989):

5
Shannon-Wiener index of heterogeneity = H = - (p t )(log p t )

i=i

Hmax = log S

Evenness = H / Hmax



where pi is the proportion of the zth taxa in the stomach, Hmax is the maximal value of the 

Shannon-Wiener index, and S is the number of taxa in the stomach (Krebs 1989). The evenness 

index ranges from 0 to 1, corresponding to minimum and maximum evenness. Maximum 

evenness would be attained if all taxa were present in the same proportion.

To determine which species juvenile herring prefer, a Chesson selectivity index was 

calculated. For food preference comparisons, I reduced the number of prey categories to 

standardize diet taxa identification with zooplankton identification from tows by grouping taxa 

into higher orders similar to those used in stomach analyses. Food preference estimates were 

based on Chesson’s selectivity (a) index (Chesson 1978, Chesson 1983):

r. / n i 
a i = — -—

Y , rj ' n i
j =i

where r; is the proportion of taxa i in the herring diet, nj is the proportion of taxa i in the 

environment, m is the number of prey taxa and j represents each taxa. Diet proportions, rf, were 

calculated for the stomach contents of each fish sampled. Zooplankton proportions in the 

environment, nj, were calculated from the vertical zooplankton samples. The zooplankton tow 

taken closest to the fish sampling location was used in each calculation of diet selectivity. 

Chesson’s index ranges from 0 (avoidance) to 1 (selection) corresponding to a gradient of 

selection from negative below the neutral value to positive above the neutral value. A value of 

1/m was calculated each month for neutral preference of a prey taxon. A neutral preference 

indicates that the prey was being eaten in proportion to the abundance found in the environment. 

The index is not biased by changes in food density unless the consumer’s feeding behavior 

changes and is standardized so comparisons among samples with unequal sizes can be made
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(Lechowicz 1982, Pearre 1982, Chesson 1983). Selectivity indices were averaged among prey 

species to analyze differences among bays and months in this study.

Statistical analysis

Univariate and multivariate statistical analyses were used to test for spatial and temporal 

differences in fish size, zooplankton density and %BW. To test for seasonal and spatial 

differences in the size offish in this study, analysis of variance comparisons were made on log (x 

+ 1) transformed SL and weight values. Post hoc multiple comparisons offish weights and SL 

among sampling months and among bays were made with Sidak and Dunnett methods, 

respectively (Zar 1996). Relationships between the monthly average number of zooplankton taxa 

found in the stomachs (#/fish) and monthly average zooplankton density estimates from vertical 

tows were tested with a linear regression. Percent BW data were arcsine transformed to satisfy the 

assumptions of normality by a Shapiro-Wilks’ W test of normality before inclusion in univariate 

regression models.

Arcsine transformed %BW, the two axes accounting for the most variation in the 

ordination representing species composition, taxa richness and evenness measurements, and 

selectivity (a) were regressed on month, bay, time of day, SL, fish depth, water temperature (5 m 

to 10 m average), salinity (5 m to 10 m average), and %BW, although, not all variables were 

applied to each test. The following multiple regression models were tested:

%oBW = month + bay + time o f  day + SL + month : bay + month : time o f  day 

ordination axis = month + bay + time o f  day + fish depth + water temperature + salinity + 

month : bay

richness = month + bay + time o f  day + fish depth + SL + water temperature + month : bay 

evenness — month + bay + time o f  day + fish depth + SL + water temperature + month . bay
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selectivity (a) = month + bay + SL + time o f  day + %BW + month : bay

Month.bay and month:time of day interaction terms were included to detect differences in 

timing within each bay and time period. Time of day was included as a categorical variable 

dividing the 24 h day into day (0800 h -  1559 h), evening (1600 h -  2359 h) and morning (0000 h 

-  0759 h). A stepwise function was used to eliminate non-significant variables from the final 

regression. Correlations among variables were examined for autocorrelation. Post-hoc multiple 

comparisons o f month, bay and time of day categories were made by Tukey, Dunnett and Sidak 

methods (Zar 1996). A 0.05 significance level was considered for all statistical tests.

Results

The number of fish sampled in this study ranged from 80 to 391 per month across all four 

bays sampled (Table 3.1). The monthly average fish depth in 1996 decreased from 32 m in March 

to 10 m in August and then increased from 32 m to 38 m in the winter (Fig. 3.2). The monthly 

average fish depths in 1997 were deeper than in the summer of 1996. In 1997 fish depth 

decreased from an average of 48 m in March to 28 m in August. Similar times were sampled each 

year to avoid bias due to light levels.

Standard length and fish weight varied seasonally and annually (SL: F = 53.7, P < 0.001, 

df = 49; weight: F = 60.7, P < 0.001, df = 47; Tables 3.2 and 3.3). Average SL across bays was 

highest in March of 1996 (128.1 mm) and 1997 (143.6 mm). The shortest fish were found in 

August of both years as the age-0 fish recruited to the juvenile nursery areas. Average weight 

across bays was highest in March 1996 (22.76 g) and May 1997 (38.18 g). Lowest average 

weights were observed in October 1996 (12.13 g) and August 1997 (9.08 g) of both years. The SL
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Figure 3.2: Average (SD) depth of capture of juvenile herring used in the diet analyses from 

March 1996 through March 1998.
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Table 3.2. Average (standard deviation) standard length (mm) of juvenile herring collected from 

March 1996 to March 1998 in four bays of Prince William Sound, Alaska. Blank cells 

indicate that no sample was collected. (For sample sizes, see Table 3.1)

Collection Eaglek Simpson Whale Zaikof

period avg length(SD) avg length(SD) avg length(SD) avg length(SD) Average

mm mm mm mm mm
March 1996 130.9 (26.1) 113.8(15.9) 107.2 (24.1) 160.4 (28.8) 128.1
May 1996 90.2(10.4) 103.1 (16.5) 95.9 (20.2) 142.6 (30.9) 108.0
June 1996 107.0(14.2) 100.0 (9.2) 104.5(21.2) 109.8 (18.1) 105.3
July 1996 101.1 (11.7) 98.4(10.1) 127.6 (26.6) 109.0
August 1996 8 8 .0 ( 1 0 .2 ) 48.3 (16.7) 71.2 (31.9) 138.2 (28.7) 86.4
October 1996 109.4 (27.13) 77.6 (31.7) 108.6 (26.1) 90.7(17.0) 96.6

November 1996 72.8 (8.0) 125.6(16.3) 126.3 (34.6) 108.2

December 1996 94.5 (26.4) 147.6(20.9) 121.1

February 1997 122.0 (37.6) 141.7(11.9) 131.9

March 1997 146.3 (8.1) 145.9 (20.9) 122.6(15.5) 159.4(18.5) 143.6

May 1997 169.4 (21.1) 102.5 (30.1) 141.8 (29.9) 156.6(14.5) 142.6

July 1997 146.2 (31.1) 103.0 (40.7) 63.5 (36.4) 149.0 (22.7) 115.4

August 1997 90.3 (35.4) 69.5 (26.4) 82.9(31.7) 80.9

October 1997 113.7(12.7) 76.3 (8.7) 121.4 (31.7) 106.8 (50.6) 104.6

March 1998 91.8(16.9) 125.3 (40.5) 145 (32.9) 182.8 (6.3) 136.2
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Table 3.3. Average (standard deviation) fish weight (g) of juvenile herring collected from March 

1996 to March 1998 in four bays of Prince William Sound, Alaska. Blank cells indicate 

that no sample was collected. (For sample sizes, see Table 3.1)

Collection Eaglek Simpson Whale Zaikof
period avg weight(SD) avg weight(SD) avg weight(SD) avg weight(SD) Average

g g g g g
March 1996 22.82(14.2) 12.58(6.3) 11.59 (8.7) 44.06 (30.9) 22.76
May 1996 6.12(3.1) 11.56(6.9) 9.42 (7.9) 33.62 (25.4) 15.18
June 1996 13.18(7.0) 10.51 (3.1) 14.19(10.3) 16.47 (8.0) 13.59
July 1996 11.46 (4.7) 10.63 (4.1) 27.87 (21.1) 16.65
August 1996 6.45 (2.7) 1.45 (2.6) 5.78 (5.9) 36.05 (26.2) 12.43
October 1996 15.64 (9.5) 7.56(12.3) 16.71 (9.0) 8.59(6.1) 12.13
November 1996 3.82(1.7) 22.29 (7.0) 29.68 (24.4) 18.60
December 1996 10.43 (9.8) 38.93 (23.8) 24.68
February 1997 26.56 (25.7) 28.78 (6 .6 ) 27.67
March 1997 29.65 (6.2) 32.47(14.9) 17.83 (6.7) 41.76(17.3) 30.43

May 1997 60.34 (22.1) 15.67(16.8) 35.54 (20.3) 41.16(16.9) 38.18

July 1997 42.94 (27.2) 18.95(18.7) 5.97 (7.9) 43.43 (20.9) 27.82

August 1997 12.60(14.8) 5.32 (5.8) 9.31 (11.0) 9.08

October 1997 17.50 (6.3) 4.83(1.6) 25.93 (18.1) 28.54 (37.1) 19.20

March 1998 7.06 (6.5) 26.07 (21.5) 38.91 (22.3) 54.51 (22.0) 31.64



and fish weight varied among bays (SL: F = 48.9, P < 0.001, df = 36; weight: F = 49.4, P < 0.001, 

df -  38). Fish in Zaikof Bay tended to be heavier (average weight = 32.2 g) than in the other bays, 

followed by Eaglek (22.0 g), Whale (15.3 g) and Simpson (12.2 g). The average SL offish was 

longer in Zaikof Bay (134.4 mm) followed by Eaglek (114.1 mm), Whale (102.2 mm) and 

Simpson (92.5 mm).

Zooplankton density in the upper 30 m varied seasonally, among and within bays. For a 

detailed analysis of the zooplankton density distribution and species composition, see Chapter 2. 

Zooplankton density significantly accounted for variation in the abundance of prey in juvenile 

herring diets (F = 22.39, P = 0.0003, df = 15, R2 = 0.62; Fig. 3.3).

Temperatures and salinities varied spatially and seasonally (Table 3.4). Temperatures 

were coolest from March to May (4 to 8 °C) and warmest from August to October (9 to 15 °C) in 

most bays. The fall of 1997 and spring of 1998 were warmer on average than the previous year. 

Salinities were highest from March to May (31 to 32 %0) and lowest from August to October (29 

to 30 %o). In most bays, salinities were lower in 1996 and March of 1998 than in 1997.

Stomach content weight (%BW)

Stomach content analysis from 3,282 juvenile herring revealed significant diel, seasonal, and 

spatial variability in the %BW of juvenile herring diets (Table 3.5). The explanatory variables in 

the final regression explained 25 % of the variability in the %BW of juvenile herring diets.

Herring feeding was greater from 1600 h to 2359 h than either 0800 h to 1559 h or 0000 h to 

0759 h time categories and remained consistent among months (month:time of day interaction 

F=8.23, P=0.111). Average seasonal feeding patterns revealed inter- as well as intra-annual 

variability (Fig. 3.4). Percent BW was highest during the summer months in 1996, peaking from 

August to October, whereas patterns were difficult to ascertain in 1997. There were
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zooplankton density

Figure 3.3: The abundance of prey in the herring stomachs regressed as a function of zooplankton 

density in the water column (F=22.39, df=15, P=0.003, R2=0.62). Each point 

represents an average (SE) of data for a month.
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Table 3.4. Average, standard deviation, and the number of temperature (°C) and salinity (%o)

measurements taken from 5 to 10 m from March 1996 to March 1998 in Prince William 
Sound, Alaska.

Temperature (°Q  Salinity (%o)
Month avg SD avg SD n
March 1996 4.25 0 .6 31.30 0 .2 203
May 1996 6.98 0.9 31.18 0 .6 28
June 1996 10.05 1.2 30.81 0 .8 289
July 1996 11.69 1.6 30.27 0.4 225
August 1996 13.27 1.1 29.93 0.5 225

October 1996 8.93 0.5 29.73 0.4 2 1 1

November 1996 7.30 1.0 30.59 0 .2 160

December 1996 5.41 1.4 31.12 0.3 72

February 1997 3.49 0.5 31.45 0.1 104

March 1997 3.51 0 .6 31.52 0.1 162

May 1997 8.25 1.3 31.46 0 .2 2 1 2

July 1997 14.02 1.8 30.59 0.4 274

August 1997 14.81 0 .8 28.82 1.4 192

October 1997 9.30 0.7 29.84 0 .2 288

March 1998 5.04 0.5 31.35 0.1 236
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Table 3.5. Stepwise and multiple regression results of the responses of %BW as functions of 

multiple explanatory variables. Explanatory variables separated by a colon represent 
interaction terms.

Response variable Explanatory variable df r2 F P
% BW full model 2193 0.25 13.56 <0 .0 0 1

time of day 18.23 <0 .0 0 1

month 12.78 <0 .0 0 1

month:bay 8.99 <0 .0 0 1

bay 8 .8 8 <0 .0 0 1

SL 2 .2 2 <0 .0 0 1

month: time of day ns
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Figure 3.4: Average (SE) %BW in four bays of Prince William Sound from March 1996 to March 

1998. Blanks indicate that no samples were collected.



increases in %BW into the 1997 summer months, and %BW declined by October. On average, 

the /oBW of prey in herring stomachs was higher between May and October in 1996 than 1997 

for Simpson (1996 average: 2.1 %, 1997 average: 1.4 %) and Zaikof Bays (1996 average: 1.8 %, 

1997 average. 1.2 %). There was no average %BW interannual difference in Eaglek (1996 

average. 1.1 /o, 1997 average: 1.1 %) and Whale Bays (1996 average: 1.5 %, 1997 average: 1.4 

/'o) suggesting differences in feeding between shallow estuaries and deeper fjord-type bays. 

Higher than average values of %BW were found in Zaikof Bay (February 1997) and Whale Bay 

(March 1996 and August 1997). Differences in fish SL also significantly accounted for variability 

in herring diet %BW (Table 3.5). There was a negative relationship between %BW of juvenile 

herring and SL showing that larger fish had smaller %BW (%BW = 0.0196e 0 0033 *SL).

The proportion of empty stomachs was higher between December and February, although 

it was highly variable on annual, seasonal, and spatial scales (Fig. 3.5). Herring from Zaikof Bay, 

however, consistently had a higher incidence of empty stomachs in March, when the herring in 

the other bays were feeding, suggesting a delay in food availability in the spring in Zaikof Bay.

Diet composition

The abundance of prey found in diets (# of each prey taxa per fish) varied on seasonal 

and diel scales. The range of average prey densities encountered in the diet was from less than 1 

for certain Decapoda zoea in June 1996 to 639 small calanoid copepods per fish in July 1996 

(Table 3.6). Diets were dominated by small calanoid copepods (42 to 43 %) and Cirripedia (27 to 

32 %) in March and May 1996. In June through August 1996, Cladocera (10 to 50 %) and 

invertebrate eggs (3 to 9 %) became important while small calanoids (21 to 58 %) and Oikopleura 

sp. (12 to 34 %) comprised the largest number of prey taxa. Oikopleura sp. (34 to 76 %) 

dominated the
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William Sound from March 1996 to March 1998. Blanks indicate that no samples 

were collected.
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Table 3.6. Taxa composition and abundance of prey (avg count fish'1) for each month sampled

from March 1996 to March 1998. Only values greater than 0.5% of the total sum of taxa 

abundance from each sampling month are reported. (Roman numerals refer to life stage 

of the prey taxa; AF = adult female; juv = juvenile; no designation indicates staging was 
not possible).

taxon Mar — jun 1996 1997 1998

Acartia longiremis 4.95 36.60 17.91 ~ ~ ------- 2.45
Au£„
1.88

— Oct— -----Mar—

Acartia longiremis adult 2.69
Acartia sp. 1 88
Amphipoda 0.07
Bivalvia larvae 23.34 54.53 3.28 12.19
Brachyrhyncha megalops 6.65
Brachyrhyncha zoea 12.53
Calanoida (<2.5 mm) 34.90 120.40 105.32 638.51 111.61 68.58 0.74 0.41 10.58 5.74 83.14 58.97 50.05 2.35 0.64
Calanoida (>2.5 mm) 3.24 39.11 10.76 59.18 1.36 0.15 59.83 8.43 67.78
Calanus marshailae 1.98
Centropages abdominalis 5.34 10.10 8.64 2.53 3.93
Chaetognatha sp. 0.19
Cirripedia cyprid 3,97 60.04 46.13 98.47 5.79 0.04 26.46
Cirripedia nauplius 24.65 22.74 5.60 85.55 5.01 34.62
Cladocera 6.17 141.06 66.52 17.35 1.93 12.38
Conchoecia sp. 3.74
Cyphonautes larvae 1.62 0.30 13.11
Decapoda megalops 3.01 3.36
Decapoda zoea 0.58 3.62 2.71 18.49
Euchaeta elongata 0.12 0.15
Euchaeta elongata AF 8.95 0.16
Euphausiacea 0.17 1.31 1.31
Euphausiacea egg 8.25 12.02
Euphausiacea furcilia 3.30 2.55 1.95
Euphausiacea juv 0.04 0.60 0.79
Evadne sp. 1.57 2.82
fish egg (1.0 mm) 3.16 1.09 4.76
fish larvae 0.85
Gastropoda juv 0.49 6.99 12.17 3.08 0.19 14.70
Harpacticoida 1.27 0.04 1.90
Hyperiideajuv 28.85
invertebrate egg (<0.2 mm) 1.49 11.01 23.57 109.37 14.69 3.04 3.34 1.26 1.33
Lucicutia flavicornis AF 0.15
Malacostraca 3.62 7.13 0.54 0.07 0.30 38.56 2.66 1.19
Metridia okholensis AF 1.95 1.33
Metridia pacifica

0.80 2.14
4.48 0.04

Metridia pacifica AF
Metridia sp. 0.96 6.55 24.59 9.81 1.28 0.93 0.93 7.30 1.56
Mysidae

3.80
0.06

Neocalanus cristatus adult
Neocalanus flemingeri adult 1.68
Neocalanus flemingeri AF 8.68

13.97Neocalanus sp. 2.25
Neocalanus sp. V 7.07

0.15Neomysis rayi 
Oikopleura sp. 143.48 144.46 326.29

0.35
7.59

0.81
8.53 2.00 65.91 7.11 1.67

Oithona sp. 2.46

Paguridae zoea

2.26

5.54
0.92

Pagurus sp. 1.52 0.04
Paracalanus sp. 3.60

4.19
0.04

Parathemisto pacifica
Parathemisto sp. 
Podon sp. 3.30 132.90 52.17 4.30

0.07
0.11
0.04

13.79 8.53 9.46

Polychaeta juv 
Pseudocalanus sp. 3.14

3.86
8.20 15.24 64.53 6.66 26.77 0.99 17.23 3.34 3.25 2.70 18.83

1.31
Sagitta sp. 0.17
Thysanoessa inermis
Thysanoessa sp. adult 0.74
Thysanoessa sp. juv

2.31
424.85

Tortanus discaudatus 
TOTAL 89.39 306.17 559.69 1193.65 429.91 17.69 2.78 126.28 31.51 377.35 272.55 136.27 6.46 80.24



diets from August through October. During November to February very few prey were found. In 

March and May 1997 small (23 to 29 %) and large (28 to 41 %) calanoid copepods (mostly 

Metridia spp. adults) and Cirripedia (48 %) dominated. Oikopleura sp. (5  to 24 %), small 

copepods (23 to 51 %) and multiple other taxa including Malacostracans, which were most likely 

early Euphausiacea stages, dominated July and August samples in 1997. Prey in the diets from 

July through October 1997 were fewer in number compared to the same months in 1996. The 

difference in diel composition in the diets among months was due to the presence of large 

calanoid copepods from 0000 h to 0759 h. From 0800 h to 1559 h, invertebrate eggs, Oikopleura 

sp., and small calanoids dominated the diets. In the evening category (1600 h to 2359 h) small 

calanoid copepods and Cladocera were the most abundant in herring diets.

The number of each prey taxa per fish found in the herring diets varied among the bays. 

The diets in Zaikof Bay had a larger abundance of large calanoid copepods such as stage V and 

adult Neocalanus and Metridia spp. in March through May. Small calanoid copepods, Cladocera, 

juvenile Amphipoda (hyperiid) and invertebrate eggs dominated Whale Bay diets. The latter two 

taxa are unique to Whale Bay in August through October. Eaglek Bay had the largest amounts of 

Chaetognatha, Oikopleura sp., some Metridia spp. and small calanoid copepods during May 

through July. Small calanoid copepods, Oikopleura sp. and Cirripedia cyprids and nauplii 

dominated Simpson Bay diets throughout the year.

Prey abundance in the diets varied seasonally, similar to the %BW trends (Fig. 3.5). The 

total abundance of zooplankton in the 1996 diets was increased from and average (SE) of 89 (13) 

animals per fish in March to 1194 (102) animals per fish at its peak in July and decreased to 3 (1) 

animals per fish in December. The highest abundance of zooplankton in herring diets in 1997 was 

377 (35) animals per fish in May and then decreased to 6  (2) animals per fish at the lowest in 

October.
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Taxa composition in the diets varied on multiple temporal and spatial scales as was 

shown by the multiple regressions of axis scores generated from the ordination of Bray-Curtis 

dissimilarities in taxa found in the diets (Table 3.7). A majority of the variation in the Bray-Curtis 

dissimilarity matrix was accounted for by an ordination of 5 axes, which had a calculated stress 

value of 9.927. Axis 1 and axis 2 accounted for 29 % and 28 % of the variation in the ordination, 

respectively, and were used to analyze trends in species composition (Fig. 3.6). Variability in taxa 

composition was related to season, bay, and the time of day. Monthly trends in taxa composition 

of the diets were the most important factors describing species composition in my study (Table 

3.7). Multiple regressions with the response variables, axis 1 and axis 2 of the taxa composition 

ordination, explained 73 and 41 % of the total variability, respectively. Post hoc multiple 

comparison tests revealed significant differences between the taxa composition of diets in 1996 

(axis 1 average = -0.0005, axis 2 average = -0.1059) and 1997 (axis 1 average =0.0307,

axis 2 average = 0.0949), and a significant difference separating each month in 1996 and each 

month in 1997 except February and March (Fig. 3.6).

Temperature and the depth of fish capture were correlated to axis 1 and axis 2 in 1996 

and 1997 to determine the relationship of environmental variables and juvenile herring vertical 

distribution to taxa composition indices (Fig. 3.6). Significant trends were apparent with 

temperature (1996: F =  122.6, d f=  1022, P < 0.0001; 1997: F = 41.4, d f=  960, P < 0.0001) and 

the depth of fish collection (1996: F = 31.3, d f=  1237, P < 0.0001; 1997: F = 86.01, d f=  895, P < 

0.0001) along both axes. Temperature was correlated to differences in diets in 1996 and 1997, 

which may have contributed to the difference in herring depth distributions. Direct causal 

relationships are difficult to determine due to the autocorrelations of temperature with season.

74



75

Table 3.7. Results o f stepwise and multiple regression of nonmetric multidimensional sealing axis 

scores representing taxa composition in the diets as a function of multiple explanatory 

variables. Percent of total variation refers to the total variation in the ordination of diet 

dissimilarity indices, ns represents non-significant factors dropped form the stepwise 
regression.

Response variable Explanatory variable df r2 F P
Axis 1 (29 %) full model 1867 0.73 122.80 <0 .0 1

month 117.93 <0 .0 0 1

bay 15.66 <0 .0 0 1

month: bay 15.46 <0 .0 0 1

time of day 8 .1 2 0 .0 0 1

fish depth 1.16 0.173
temperature 1.07 0.254
salinity ns

Axis 2 (28 %) full model 1867 0.41 30.92 <0 .0 1

month 24.79 <0 .0 0 1

month:bay 12.69 <0 .0 0 1

bay 12.38 <0 .0 0 1

time of day 9.65 0 .0 0 1

temperature 1.01 0.432

fish depth 0.97 0.549

salinity ns
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herring diets collected in this study separated by significantly different months. Data 
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Table 3.8. Stepwise and multiple regression results of the responses of taxa richness, taxa 

evenness and prey selectivity as functions of multiple explanatory variables. 

Explanatory variables separated by a colon represent interaction terms, ns represents 

non-significant factors dropped form the stepwise regression.
Response variable Explanatory variable df r2 F P
Richness full model 2431 0.41 30.26 <0 .0 0 1

time of day 53.28 <0 .0 0 1

month 27.64 <0 .0 0 1

bay 10.85 <0 .0 0 1

month: bay 10.25 <0 .0 0 1

fish depth ns
temperature ns
SL ns

Evenness full model 1934 0.23 11.64 <0 .0 0 1

month 10.67 <0 .0 0 1

bay 7.55 <0 .0 0 1

month: bay 5.97 <0 .0 0 1

time of day 4.01 0.007

fish depth 1.57 0.008

temperature ns

SL ns

Selectivity full model 8927 0 .1 0 19.86 <0 .0 0 1

month 19.44 <0 .0 0 1

% BW 14.11 <0 .0 0 1

time of day 13.79 <0 .0 0 1

month: bay 7.069 <0 .0 0 1

bay 6.94 <0 .0 0 1

SL 4.26 0.039



Prey diversity

Diet taxa richness varied within days, among months and between years. Diet taxa richness was 

significantly different among the time of day categories (F = 53.28, PO.OOl; Table 3.8). The 

number of taxa in the diets was significantly higher from 1600 h to 2359 h than 0 0 0 0  h to 0759 h 

or 0800 to 1559 h. Time of day, month, and bay variables explained 41 % of the variability in the 

taxa richness o f juvenile herring diets. Variable seasonal and interannual trends were noted in 

each bay (Fig. 3.7). In 1996, the taxa richness in Eaglek, Whale and Zaikof Bays peaked with 7 to 

10 taxa in July and in Simpson Bay with 8 taxa in May. In 1997 the taxa richness peaked in May 

in all bays with 6  to 8 taxa. The number of taxa was at a minimum between October and March in 

all bays in 1996 (1 to 3 taxa) and in October 1997 (1 taxon). However, in March the number of 

taxa was higher in Whale Bay than any other Bay. Taxa richness of diets in Simpson Bay was 

still relatively high at 5 taxa in October 1996, but it decreased to 1 in November and December.

All bays had a lower number of taxa in March 1998 than in previous years. Annual variability in 

each month was high among bays. The diets sampled in May 1996 had lower taxa richness than 

in May 1997. The diets of herring caught in July, August, and October 1996 had more species 

than in the same months in 1997, with the exception of fish caught in Simpson Bay in August. 

Seasonal and annual trends generally were similar in Eaglek, Simpson and Whale Bays.

Diet taxa evenness varied significantly among months and between bays (Table 3.8). 

Month, bay, time of day, and fish depth explained 23 % of the variability in the taxa evenness in 

diets. Evenness peaked between November and March in 1996 but the exact timing was 

inconsistent among bays (Fig. 3.7). The range of evenness measures from November to March 

was 0.65 to 1.0 except in Simpson Bay where the taxa evenness in diets was lower (0.56) in 

March of 1996. In 1997 evenness was highest from October to March. Taxa evenness in the 

herring diets was at a minimum between July and October in 1996 (range: 0.14 to 0.77) and
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between July and August in 1997 (range: 0.37 to 0.81). Differences between years were highly 

variable and did not exhibit any clear trends. However, the evenness of prey in October was 

notably lower in 1996 than in 1997 in Simpson and Zaikof Bays. Diel variability in taxa evenness 

was also found to be significant. Evenness of prey taxa in herring diets was significantly higher 

from 0800 h to 1559 h (confidence interval: 0.64 ± 0.3), when diversity was low, than from 0000 

h to 0759 h (confidence interval: 0.60 ± 0.3) or 1600 h to 2359 h (confidence interval: 0.60 ± 0.3). 

Evenness of prey taxa in diets was higher for fish caught deeper in the water column, suggesting 

that herring may be less selective in deeper water where light levels are lower.

Prey selectivity

Juvenile herring were highly selective of their prey over the course of this study. Sixty 

eight percent o f all prey found in the diets were selected for at densities greater than those 

encountered in the water column. Amphipoda, Cyclopoida, invertebrate eggs, Euphausiacea and 

Mysidae were the five most selected taxa when the diets were averaged among bays and months. 

Oncaea sp., Acanthomysis sp., Cnidaria, Bryozoa, and Cirripedia nauplii were the five taxa with 

the lowest selectivity scores (<0.01 to 0.04) over the course of this study, suggesting avoidance of 

these prey.

The average selectivity index of juvenile herring prey varied significantly among months 

(Table 3.8). Selectivity (a) was lowest in July in both 1996 (0.179) and 1997 (0.225). Selectivity 

(a) was highest in December 1996 (0.648) and October 1997 (0.775) coinciding with low % BW 

(Table 3.9). Selectivity was variable from October 1996 to March 1997 and ranged from 0.296 to 

0.727. Selectivity varied significantly with the amount of prey found in the herring stomachs 

(Table 3.8). The higher the % BW of total prey ingested the lower the average selectivity of prey
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Table 3.9. Average (standard deviation) selectivity index (a) values for the prey o f juvenile

herring encountered in the diets from May 1996 to March 1998 in four Bays in Prince 

William Sound, Alaska. Neutral values were determined by 1/m where m is the number 

o f taxa in the diets each month and represent the a  level o f no selection.

Collection period

Neutral

Eaglek Bay 

a  (SD)

Simpson Bay 

a  (SD)

Whale Bay 

a  (SD)

Zaikof Bay 

a  (SD)

Average

a

May 1996 0.031 0.330 (0.35) 0.289 (0.34) 0.295 (0.31) 0.344 (0.36) 0.315

June 1996 0.031 0.238 (0.31) 0.286 (0.38) 0.210(0.29) 0.166 (0.24) 0.225

July 1996 0.045 0.140 (0.23) 0.284 (0.32) 0.113 (0.23) 0.179

August 1996 0.036 0.484 (0.43) 0.372 (0.30) 0.540 (0.41) 0.267 (0.38) 0.416

October 1996 0.036 0.620 (0.35) 0.315(0.29) 0.583 (0.38) 0.530 (0.40) 0.512

November 1996 0.056 0.506 (0.35) 0.633 (0.37) 0.408 (0.34) 0.516

December 1996 0.083 0.753 (0.35) 0.543 (0.27) 0.648

February 1997 0.056 0.368 (0.39) 0.380 (0.16) 0.374

March 1997 0.056 0.269 (0.34) 0.399 (0.42) 0.345 (0.41) 0.727 (0.47) 0.435

May 1997 0.028 0.276 (0.32) 0.335 (0.29) 0.325 (0.36) 0.277 (0.31) 0.303

July 1997 0.041 0.266 (0.31) 0.155 (0.21) 0.339 (0.36) 0.138 (0.25) 0.225

August 1997 0.033 0.382 (0.32) 0.539 (0.33) 0.440 (0.42) 0.454

October 1997 0.100 1.000 0.600 (0.55) 1.000 0.499 (0.46) 0.775

March 1998 0.071 0.658 (0.30) 0.599 (0.36) 0.137 (0.26) 0.492 (0.52) 0.472

AVERAGE 0.424 0.424 0.428 0.376



found in the diets. This reinforces the observation that when feeding was at its highest juvenile 

herring were not actively selecting particular prey as much as when feeding was decreased. This 

is evidenced in the lower prey evenness found in the herring diets in spring and summer. High 

evenness indices when selectivity indices were lowest, and vice versa, suggest that the selectivity 

results were not biased against any single observations.

Prey selectivity was also dependent on the time of day and the SL offish. Juvenile 

herring were significantly more selective from 0000 h to 0759 h than from 0800 h to 1559 h or 

from 1600 h to 2300 h (Table 3.8). SL of fish accounted for a small amount o f variability in 

selectivity (Table 3.8); larger fish were more selective than smaller fish (a = 0.0004 SL + 0.3107\ 

n = 216, r2 = 0.10, F = 4.259, P = 0.039).

D iscussion

Direct comparison between feeding characteristics and prey density has not been done 

previously in PWS. Herring diets in PWS varied among and within bays and seasonally. It was 

therefore important to establish mechanistic links between herring feeding and prey density to 

better understand large fluctuations in the herring population.

Zooplankton abundance and community composition in PWS vary on multiple spatial 

and temporal scales (Chapter 2). Biological interactions of predators, such as herring, and 

competitors among the zooplankters act to influence zooplankton abundance and species 

succession. Using a bioenergetics model, Arrhenius & Hansson (1993) found that young-of-the- 

year and one-year old Baltic Sea herring were important zooplanktivores, which influenced the 

coastal zooplankton community structure by shifting species dominance and position in the water 

column (Hansson et al. 1990). Temperature and salinity as well as biological interactions affect 

the zooplankton composition on all scales. Anomalous warm temperatures during the summer of



83

1997 appear to have affected the fall zooplankton density and species composition in PWS 

(Chapter 2) during the period of this study. I speculated that a combination of grazing effects and 

the response to warm temperatures decreased the amount of zooplankton in the nearshore 

environment. Consequently, there would be negative “bottom-up” effects due to these events on 

juvenile herring feeding. I found that there were negative responses in the feeding behavior of 

herring to the abnormal temperatures and subsequent low prey density.

Temporal variability in the amount of feeding as a percent of body weight was 

encountered at multiple scales. Increased feeding from 1600 h to 2359 h is consistent with other 

studies o f juvenile herring (Raid 1985, Arrhenius & Hansson 1994). Herring are visual feeders 

and they feed more during low light hours as they are vertically migrating to the surface (Blaxter 

et al. 1982). More feeding during the summer months (Fig. 3.4) was expected as a response to 

increased zooplankton density (Foy & Norcross 1999, Chapter 2) following increased primary 

production during the spring in PWS (Goering et al. 1973). No definable trends in %BW were 

found among months or among the bays and led to an initial conclusion that the feeding of 

juvenile herring was not directly affected by a decrease in zooplankton density in 1997. If, 

however, the average weight for a given SL of the fish I sampled was lower in 1997, any changes 

in the amount o f feeding would be masked because %BW is a ratio of stomach content weight to 

fish weight. The average weight at length of a juvenile herring was significantly lower in the fall 

of 1997 than in 1996 (Stokesbury et al. 1999, this study Table 3.3). Also, I found that fish with 

higher SL had lower %BW and the fish in 1997 were longer (Table 3.2). Therefore, the fish size 

and weight o f stomach contents were affected by the decrease in zooplankton abundance.

Differences in feeding among bays suggest that either prey density or competition among 

herring affect the herring populations in PWS nearshore areas. Zooplankton density is variable 

among the four bays and accounts for a significant amount of variation in the abundance of prey



in juvenile herring diets (Fig. 3.3). There are, however, exceptions in February 1997 (Zaikof Bay) 

and August 1997 (Whale Bay) when increased feeding is not preceded by increased prey density 

(see fig. 2.4). In February 1997 this is due to high selective feeding (Table 3.9) on Euchaeta 

elongata and Neocalanus cristatus adults in Zaikof Bay diets (Table 3.6) and in August 1997 it is 

due to a large amount of Pseudocalanus sp. and Parathemisto sp. (Amphipoda) in the Whale Bay 

herring diets.

Seasonal species composition of prey in the diets was closely related to the species 

composition o f zooplankton found in the nearshore PWS in 1996 and 1997 (Chapter2) and in this 

region o f the Northeast Pacific (Vogel & McMurray 1982, Cooney 1988). The species succession 

of prey in 1996 juvenile herring diets from spring (small Calanoida and invertebrate eggs) 

through summer (small Calanoida and Cladocera) was similar to the Baltic Sea herring diets 

(Mehner 1993, Arrhenius 1996), suggesting that the zooplankton species composition is similar at 

upper taxonomic levels in the nearshore areas of these two systems. In May 1997 species 

composition o f prey found in the diets was similar to May 1996, but large changes in species 

abundance and composition occurred in July 1997 and subsequent months (Fig. 3.6). Regression 

analyses suggest that increased temperature decreased the density o f prey and caused the fish to 

remain deeper in the fall, all o f which may have influenced this change in diet composition. 

Similar trends in species composition were noted in the zooplankton community and speculated 

to be due to the increased temperatures (Chapter 2). The change in the depth o f the fish (Fig. 3.2) 

may be due to either a direct response by the juvenile herring to the warmer temperatures or to the 

lack o f available prey in the upper water column during the summer and fall of 1997. Spatial 

differences in the zooplankton species composition were variable, suggesting that each bay had a 

unique habitat and conditions for zooplankton growth and composition. Frequent spikes in 

abundance o f particular taxa indicate influences from outside the bays. For instance, the diets of
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juvenile herring in Zaikof Bay consistently had large calanoid copepods, most likely advected 

from the G ulf o f Alaska (Kline 1997). The increase in feeding on large calanoid copepods in from 

0000 h to 0759 h, when there is most likely a large overlap o f predator and prey distributions, is 

suggestive o f selective feeding due to the size o f prey (Sandstrom 1980, Flinkman et al. 1991).

The diversity o f juvenile herring diets in this study was dependent on prey density. 

Studies o f brown trout, Salmo trutta, have found that the diversity o f prey found in the diets 

increases as the prey abundances decline (Ellis & Gowing 1957). My study found that the number 

of species found in the diets was higher during the spring (May and June) when zooplankton 

abundances were highest (Chapter 2). Low species richness in the fall diets reflects the low 

diversity in the zooplankton community as well. The diets o f juvenile Baltic herring (Clupea 

harengus) have low diversity diets in the fall owing to decreased prey availability (Rudstam et al.

1992). High taxa evenness from 0800 h to 1559 h reflects the opportunistic feeding of juvenile 

herring on few prey taxa as they descend and are at depth during the peak light hours. Higher 

numbers o f taxa in the diets from 1600 h to 2359 h reflects the increased availability of prey in 

the surface waters as light levels decrease.

The shifting o f prey dominance in the diet of fishes is a function o f the dynamics of prey 

species composition and probable changes in the selection of particular prey taxa by fish. As 

such, preference must be taken into account as well as the prey availability when describing the 

feeding ecology o f a fish (Anderson 1994). Seasonal differences in the selectivity of prey may 

suggest that herring are filter feeding (low selectivity) when prey densities are high during the 

spring and summer and particulate feeding in the winter. This is consistent with other studies 

which have found particulate feeding at low prey densities and filter feeding at high prey 

densities by Atlantic herring, Clupea harengus, (Gibson & Ezzi 1985, Batty et al. 1986) and 

northern anchovy, Engraulis mordax (Leong & O'Connell 1969, O'Connell 1972). Prey size may
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also be important in determining when filter versus particulate feeding may be more efficient 

(Gibson & Ezzi 1985). I found that the degree of selectivity was correlated to prey density except 

in instances when large prey (large copepods in February 1997; see above) were present. This 

was also important within days, as the selectivity for large calanoid copepods from 0000 h to 

0759 h was high. Baltic herring actively select for and choose habitats where the largest prey are 

available to them (Sandstrom 1980, Flinkman et al. 1991). There is also an ontogenetic shift when 

the size o f the herring will theoretically overcome previous threshold problems of prey avoidance, 

capture time and handling time to maximize return (Mittlebach 1981, Checkley 1982, Raid 1985, 

Lankov 1986, Graham & Sprules 1992, Arrhenius 1996). I found that larger fish were able to 

particulate feed on larger zooplankton much more than smaller fish. This behavior suggests that 

foraging for the larger herring may include selecting prey that are larger and possibly higher 

energetic density (Werner & Hall 1974, Werner & Mittlelbach 1981; Chapter 4). Future research 

should focus effort into the importance of prey preferences o f particular age classes prior to 

recruitment.

The selection indices I calculated in this study reflected the trends I observed in feeding 

and prey density. However, bias could occur due to unrepresentative sampling o f the prey 

encountered and consumed by the juvenile herring due to gear limitations and deployment 

procedures (Strauss 1979). Inconsistencies could be due to skewed abundance estimates of 

zooplankton due to patchy distributions (Weibe & Holland 1968, Weibe 1971) or to prey not 

being representatively sampled. The lack of spatial overlap between the juvenile herring and the 

vertical zooplankton collections (Chapter 2) may introduce error into the index. For instance, 

feeding and diel migration o f juvenile herring may be limited to a smaller part of the water 

column during the winter but my zooplankton sampling included the entire water column 

(Chapter 5).
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In conclusion, important mechanisms in the trophic relationship between herring and 

zooplankton and the environment exist in PWS. On seasonal scales, juvenile herring relied 

heavily on prey density, with greater feeding, diet diversity, and opportunistic feeding in the 

spring when zooplankton were abundant. Seasonal and spatial fluctuations in temperature and its 

influence on zooplankton were important at this time. On diel scales, juvenile herring relied on 

vertical migration for greater prey overlap and higher diet diversity from 1600 to 2359 h when the 

light levels were decreased. Juvenile herring switched to selective feeding from 0000 to 0759 h 

when large calanoid copepods were present in the water column. The degree of juvenile herring 

feeding selectivity changed ontogenetically. Larger fish were more selective and had lower 

feeding indices (%BW), possibly due to increased lipid stores, which increased body weight.

Spatial differences in the feeding behavior were also elucidated in this study. Most 

differences were due to the variability in zooplankton abundance and composition and 

environmental conditions within the bays. Colder temperatures in Whale Bay due to the influence 

of a nearby glacially fed fjord (Icy Bay) may have negated the effects o f the warmer temperatures 

in 1997, allowing Pseudocalanus sp. to be present and feeding by juvenile herring to persist into 

the fall. The relative location of Zaikof Bay to GOA currents may increase entrainment of large 

zooplankton (Neocalanus spp.) from the GOA may be responsible for different diet contents than 

other bays. Simpson and Eaglek Bay have the highest prey density and warmest temperatures 

averaged among months, suggesting that they may be excellent nursery areas for juvenile herring. 

However, higher feeding and juvenile herring survival may lead to density-dependent growth 

differences, which could ultimately affect the condition and survival of juvenile herring.
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CHAPTER 4: Spatial and Temporal Variability in the Diet o f Juvenile Pacific Herring 

{Clupea pallasi) in Prince William Sound, Alaska1

Abstract

The diet of juvenile Pacific herring, Clupea pallasi, from four bays in Prince William 

Sound, Alaska, varied spatially and seasonally. In Zaikof Bay, which was sampled in each 

season, stomach fullness was highest in May and declined significantly through the winter. 

Diversity of prey taxa in the diet was highest in June, after the spring phytoplankton bloom. In 

October, Oikopleura species were dominant in the diets of all bays. In March, fish eggs,

Cirripedia nauplii, small Calanoida, and large Calanoida were the dominant prey in Eaglek, 

Simpson, Whale, and Zaikof Bay, respectively. Energy density of stomach contents was highest 

in May, highlighting the importance of high lipid copepod taxa in Zaikof Bay. Estimated 

assimilation rates suggest that the diets of smaller age-0 herring provide close to maintenance 

levels of energy prior to winter. Therefore, variability in diet composition and diet energy density 

could account for relative differences in nutritional conditions of age-0 herring in Prince William 

Sound.

Introduction

Pacific herring, Clupea pallasi Valenciennes (1847), is widely distributed along the 

Asiatic and North American Pacific Ocean continental shelves (Hart 1973). In Prince William 

Sound (PWS), Alaska, reduced herring abundance in 1993 resulted in the closure of the 

commercial fishery. Food quality and availability coupled with foraging behaviors may modify

1 Foy, R. J. and B. L. Norcross. 1999. Spatial and temporal variability in the diet of juvenile
Pacific herring {Clupea pallasi) in Prince William Sound, Alaska. Canadian Journal of 
Zoology. 77: 697-706.
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density-dependent mortality, which significantly alters year-class strength (Walter and Juanes

1993). The juvenile stage of fish development can incur high mortality rates that strongly affect 

year-class strength (Houde 1987; Peterman et al. 1988; Bollens et al. 1992; de Lafontaine et al. 

1992; Walters and Juanes 1993). In PWS, the winter season is long and starvation stress due to 

insufficient energy storage for overwintering can lead to high mortality in juvenile Pacific herring 

(Paul and Paul 1998; Paul et al. 1998). The lack of early life history information raised questions 

about the suitability of PWS juvenile herring rearing habitats, particularly, the variability of 

juvenile herring diet composition.

Size-dependent prey selection suggests that herring prefer larger zooplankton (Hrbacek et 

al. 1961; Brooks and Dodson 1965). Age-0 Baltic herring feed on smaller zooplankton such as 

small copepods and cladocerans (Raid 1985; Rudstam et al. 1992; Mehner 1993; Arrhenius 1996) 

whereas larger juvenile herring prey on larger calanoid species when available (Pearcy et al.

1979; Sandstrom 1980). Calanoid copepods, decapod larvae, and chaetognaths dominate juvenile 

Pacific herring diet from the British Columbia and Washington coasts (Wailes 1936; Fresh 1983; 

Levings 1983). In Auke Bay, Alaska, herring feed on large calanoid copepods in the spring and 

small calanoid copepods and barnacle cyprids in May -  June (Coyle and Paul 1992). In PWS, 

juvenile herring diets are mostly comprised of Larvacea in the fall (Boldt 1997).

Alternative feeding theories, incorporating the profitability of prey, take into account 

searching and handling time (optimal foraging), whereby larger prey may not be selected (Werner 

and Hall 1974; Bence and Murdoch 1986). Selective feeding by Atlantic herring is dependent on 

prey escape capability, visibility, and possibly nutritional value (Checkley 1982). Knowledge of 

biomass and energetic density of diet taxa is therefore necessary to adequately describe the 

feeding conditions in herring rearing areas. Further, seasonal variation of prey species in the diet 

is important to understanding the condition of juvenile herring (Davidyuk et al. 1992). Diet
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diversity and relative energetic density of prey will also depend on season and location. The 

objective of this study is to describe the diet of juvenile herring from four PWS bays through 

several seasons.

Materials and Methods

Sample collection

PWS is an estuarine system located in the northern Gulf of Alaska. Eaglek and Whale 

Bays, deep fjords, and Simpson and Zaikof Bays, relatively shallow estuaries, were chosen as 

study sites due to the presence of juvenile herring and their proximity at opposite comers of PWS 

(Fig. 4.1). Thirty-eight herring schools were sampled within 10 days in May, June, and October 

1995 and March 1996. Sampling was conducted during the late evening and night hours when the 

schools are up in the water column. Herring schools were collected using a purse seine vessel 

with either a 250 m x 34 m or 20 m, 150 mm stretch mesh anchovy net. Fifteen juvenile fish were 

randomly sampled from each catch (fork length <181 mm). In some cases fewer fish were 

collected due to the size of the catch and other concurrent analyses that required fish samples.

Fish were measured (SL, standard length mm) and preserved in a 10 % buffered formaldehyde 

solution. After 24 hours, samples were transferred to 50 % isopropanol for diet analysis.

Diet analysis

Each fish was blotted dry, weighed to the nearest 0.01 g, and SL measured to the nearest 

1.0 mm. The stomach was removed and weighed to the nearest 0.001 g. Stomach contents were
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Figure 4.1: Location of four bays sampled between May 1995 and March 1996 in Prince William 

Sound, Alaska



removed and the empty stomach was reweighed and subtracted from the total to determine food 

weight. A stomach fullness index was used to compare the temporal and spatial feeding activity: 

Stomach fullness index (% BW) = [stomach content wt (g) / fish wt (g)] * 100

Prey taxa were enumerated and identified to the lowest possible taxonomic level. In some 

cases, broad taxonomic groupings had to be used due to digestion (i.e. Calanoida > 2.5 mm). Prey 

biomass in each stomach was calculated by multiplying mean taxa weight by the total stomach 

content number for each prey taxa. Seasonal mean weights (mg) of zooplankton for calculation of 

biomass were determined from various-sized pooled formalin preserved samples collected with 

vertical 300 ^m mesh net tows in PWS (Appendix 1). These samples were collected from other 

researchers conducting separate studies in PWS from 1995 through 1997.

Index o f relative importance

The proportion of prey taxa in the diet by number (N), proportion of prey taxa by weight 

(W), and frequency of occurrence among fish (FO) was determined for each taxa in each 

stomach. The Index of Relative Importance (IRI = (N + W) * FO; Pinkas et al. 1971) was 

calculated separately by site and month to compare the relative importance of prey taxa. Only IRI 

values above 5 % are reported to focus on the most important prey species.

Diet energy density

Energy density of assimilated food (J g 1 wet wt. food) based on the species composition 

in the diet was determined for age-0 herring in May, June and October, 1995 and March, 1996. 

Zooplankton energy density from literature values (Appendix 2) was multiplied by each taxon’s 

biomass. In cases where energy density of zooplankton was reported per g dry weight, 80 % 

water content was assumed (Percy and Fife 1981; Donnelly et al. 1994).



Individual herring diet assimilation rates (J d '1) were based on 3.3 % body wet weight d"1 

(BWD) consumption in October and 1.4 % BWD in March (Arrhenius and Hansson 1994). To 

estimate consumption rates, Baltic Sea herring consumption rates were adjusted for temperature 

trends in PWS (October: 9 °C; March: 4 °C). Egestion was assumed to be 20 % of the food 

consumed (Winberg 1956; Elliott 1976). A loss of 23.3 J BWD during starvation was assumed 

for age-0 herring during the 1995 -  1996 winter (Paul and Paul 1998).

Statistical analysis

A logarithmic index of diet diversity (a) based on prey biomass in the stomach was 

calculated each month to compare the stomach composition within and between bays (Fisher et 

al. 1943; Anscombe 1950; Krebs 1989):

S = a loge (1 + N / a)

The logarithmic diversity index is a function of the number of species (S) and the number 

of individuals (N) in a sample. For this study, the total biomass of a taxon was used instead of the 

number of individuals to more accurately represent prey importance. To use this index the diet 

taxa biomass should be a logarithmic series (Krebs 1989). Coefficients of determination fitting 

the data to a logarithmic series ranged from 0.43 to 0.88 (Table 4.1).

Stomach fullness, diet diversity, and the prey energy density were compared among sites 

(March -  Zaikof, Simpson, Whale, and Eaglek Bay; October -  Zaikof, Simpson, and Whale Bay) 

and seasonally for Zaikof Bay. Stomach fullness indices were arcsine transformed to satisfy a 

Shapiro-Wilks’ W test of normality. Mean stomach fullness indices and diet energy density were
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Table 4.1. Juvenile Pacific herring diet diversity index (a) and coefficients of determination for 

fitting the data to logarithmic series.

Month Bay Fish

n

Prey taxa 

n

r2 Diversity (a) a Variance

May Zaikof 12 23 0.49 2.73 0.32

June Zaikof 54 33 0.71 5.24 0.83

October Simpson 88 26 0.56 4.21 0.68
Whale 30 24 0.78 3.35 0.47
Zaikof 30 15 0.82 2.10 0.29

March Eaglek 121 29 0.43 4.38 0.66
Simpson 27 10 0.75 1.33 0.18
Whale 44 20 0.88 2.32 0.27
Zaikof 53 27 0.61 4.18 0.65



compared using one-way analyses of variance. Significant differences between groups were 

analyzed post hoc using an extended Tukey method for unequal sample sizes (Spjotvoll and 

Stoline >973). Energy assimilation and daily loss -  weight regression slope coefficients were 

compared with a Student’s t test.

Results

The number of juvenile herring examined from the bays ranged from 12 to 146 fish. 

Standard lengths of herring averaged (SD) 107 (29) mm and ranged from 42 to 180 mm.

Stomachs that contained prey items ranged from 73 to 100 % offish collected (Table 4.2).

Weights offish ranged from 0.86 to 11.73 g in October and 2.88 to 10.87 g in March (Fig. 4.2).

Stomach fullness index

Herring stomach fullness indices were significantly different among sites in October 

(F—17.13 P<0.01 DF—2) and March (F=26.88 P<0.01 DF=3). In October, mean stomach fullness 

from Whale Bay herring was significantly higher than that in Simpson Bay, but similar to that in 

Zaikof Bay (Table 4.2). In March, mean stomach fullness of Whale Bay herring was significantly 

higher than in any other Bay. Stomach fullness indices from herring sampled from Zaikof Bay 

were significantly different among months (F=l 12.65 P<0.01 DF=3); however, there was no 

significant difference in stomach fullness between June and October.

Index o f relative importance

In October, Oikopleura sp. was the dominant diet taxon in three bays. In March, there 

were differences in dominant diet taxa among the four bays (Table 4.3). Fish eggs were dominant 

in Eaglek Bay and were the second most important diet component in Simpson and Zaikof Bays.
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Table 4.2. Percent stomachs with prey, lengths, and stomach fullness index (%BW) for juvenile 

Pacific herring collected in Prince William Sound.

Month Year Bay * n Stomachs 

with prey

(%)

Standard length (mm) 

Mean SD

Fullness index 

% BW 1 SD

May 1995 Zaikof3 12 100 101 3.3 8.64 1.491

June 1995 Zaikofb 60 90 101 6.9 1.22 1.160

October 1995 Simpson 106 78 76 15.9 0.61 a 0.828
Whale 30 100 89 8.0 1.40 b 0.948
Zaikofb 31 97 70 10.2 1.11 b 0.946

March 1996 Eaglek 146 78 133 26.8 1.09 a 1.775
Simpson 29 93 116 16.6 0.43 ab 0.265
Whale 60 73 109 24.8 2.53 c 3.013

t ____
Zaikof0 100 47 164 29.4 0.19 b 0.415

similar superscripts represent statistically similar values (post hoc Tukey).

* Stomach fullness comparison among bays in October (F=17.13 PO.Ol DF=2) and March 

(F=26.88 PO.Ol DF=3) where similar superscripts represent statistically similar values (post 

hoc Tukey).
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Figure 4.2: Length weight relationship for age-0 herring in October 1995 and March 1996.
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Table 4.3. Indices of relative importance of prey taxa in juvenile herring diet during May, June, 

October 1995 and March 1996 in Eaglek Bay (E), Simpson Bay (S), Whale Bay (W), 
and Zaikof Bay (Z).

May June October March
taxon Z Z S W Z E S W Z
Calanoida (<2.5 mm) 0.61 0.12 0.34 0.13 0.53
Calanoida (>2.5 mm) 0.74 0.67
Cirripedia cyprid 0.13
Cirripedia nauplius 0.08 0.60 0.15
Cladocera, Podon sp. 0.10

Decapoda zoea 0.08
Euphausiacea 0.06
Euphausiacea furcilia 0.30
Fish egg (~1.0 mm) 0.06 0.61 0.37 0.23
Larvacea, Oikopleura sp. 0.83 0.48 0.62
Malacostraca 0.22
Metridia okhotensis 0.04

Metridia spp. 0.05
Neocalanus/Calanus 0.15

spp.

Other 0.07 0.06 0.05 0.12 0.03 0.08 0.03 0.11 0.05
Pseudocalanus sp. 0.08



Cirripedia nauplii were the dominant diet taxon in Simpson Bay. Calanoida (< 2.5 mm) were the 

dominant prey in Whale Bay whereas Calanoida (> 2.5 mm) were dominant in Zaikof Bay. In 

Zaikof Bay, Calanoida (> 2.5 mm) were dominant in May diets (Table 4.3). The June diet 

included six species with an importance index > 5 %, more than any other period; Calanoida (< 

2.5 mm) was the dominant taxon.

Diversity index

The number of zooplankton taxa in the diet ranged from 10 to 33 (Table 4.1). In October, 

the five highest contributors to prey biomass were, in order, Oikopleura sp., Euphausia sp., 

Calanoida (<2.5 mm), Malacostraca, and Metridia okhotensis. In March, the five highest 

contributors to prey biomass were fish eggs, Calanoida (> 2.5 mm), Cirripedia nauplii, Calanoida 

(<2.5 mm), and Decapoda zoea. The logarithmic index of species diversity (a) ranged from 1.3 to 

5.2 and had variances ranging from 0.18 to 0.83 (Table 4.1).

Diet energy density

The energy density of diets was significantly different among sites in both October 

(F=l5.29 P<0.01 DF=2) and March (F=l 1.40 P<0.01 DF=3) (Table 4.4). In October, the energy 

density was highest in Whale Bay (3.08 kJ/g food). In March, energy density of Eaglek Bay diets 

was significantly higher than in Whale Bay. Energy density of the diets from Ziakof Bay were 

significantly different among months (F=89.74 P<0.01 DF=3). The energy density of the May 

diet in Zaikof Bay was significantly higher than in any other month.

The assimilation energy -  weight slope was significantly larger than the fasting loss rate 

slope (23.3 J BWD) in all sites except Simpson Bay in March (Figs. 4.3, 4.4, and 4.5).

Coefficients of determination ranged from 0.73 to 0.99 in October and 0.46 to 0.73 in March
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Table 4.4. Age-0 Pacific herring standard lengths and diet energy density. Regression slope

coefticients of determination for fitted lines are reported. Probability values are from a 

Students t, testing between assimilation rate slope and energy loss rate slope (23.3 J 
BWD).

Standard length kJ/g food Assimilation rate

(mm) consumed
Month Bay1 n Mean SD Mean* SD Regression

slope

r P value

May Zaikof3 12 101 3.3 4.38 0.031

June Zaikofb 54 101 6.9 3.66 0.340

October Simpson 78 74 11.5 2.74 a 0.109 71.13 0.99 <0.000
Whale 29 88 6.3 3.08 b 0.586 123.20 0.73 <0.000
Zaikofc 30 70 10.2 2.83 a 0.079 77.07 0.99 <0.000

Eaglek 24 92 3.8 4.18 a 1.301 64.19 0.46 0.012
Simpson 11 99 6.5 3.77 ab 0.698 23.25 0.54 0.995
Whale 33 89 6.1 2.79 bc 0.541 45.91 0.73 <0.000
Zaikofbc 2 95 7.4 3.13 ac 1.474

f Temporal comparison of diet energy density in Zaikof Bay (F=89.74 P<0.01 DF=3), where 

similar superscripts represent statistically similar values (post hoc Tukey).

1 Diet energy density comparison among bays in October (F= 15.29 P<0.01 DF=2) and March

(F=l 1.40 PO.Ol DF=3), where similar superscripts represent statistically similar values 

(post hoc Tukey).
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(Table 4.4). The assimilation energy -  weight slope was significantly larger in October than in 

March (t=6.51 P<0.00 DF=201; Fig. 4.5).

Discussion

Stomach fullness index

Differences in diet taxon biomass may be attributed to the number or average weight of 

prey. Higher prey biomass in the Whale Bay herring diets in October was due to a greater number 

of prey (Oikopleura sp.), whereas the individual prey weights were larger in March (Calanoida 

<2.5 mm). Higher Zaikof Bay prey biomass in May was expected since zooplankton biomass is 

highest in PWS during April and May after the spring phytoplankton bloom (Goering et al. 1973). 

Lower diet biomass in June and October may suggest that herring growth was limited by prey 

availability, if a linear relationship between the stomach capacity and fish weight is assumed. 

However, for some other species there is an exponential relationship between stomach capacity 

and fish weight (Knight and Margraf 1982).

Index o f relative importance

Different spring diets among bays may represent a difference in available prey or 

different feeding behavior. Baltic herring (150-220 mm) in Bothinian Bay select for the largest 

prey available (Limnocalanus grimaldi) in the early summer and switch to Eurytemora sp. and 

Cladocera after the L. grimaldi are gone (Sandstrom 1980). Similarly, spring Zaikof Bay diets 

were dominated by the large copepods that were available March and May, and then a mixture of 

other prey was eaten later in the season. Zooplankton diets in the other three bays did not exhibit 

this trend, when comparing March and October samples, possibly due to a lack of the larger 

zooplankton or to selection of different prey species. This is consistent with the feeding activity
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of age-0 Baltic herring which in April through June consume small Calanoida, nauplii, and eggs 

in the southern Baltic Sea (Mehner 1993) and in the summer and fall consume small Calanoida 

and Cladocera (Arrhenius 1996). Bering Sea larval herring feed on smaller prey such as bivalve 

larvae and barnacle nauplii (Maksimenkov 1982), similar to the juvenile herring March diets from 

Simpson and Whale Bay.

Temporal variations of copepod species composition in herring diets from this study were 

similar to variations in copepod abundance on the shelf near Kodiak Island, Alaska (Vogel and 

McMurray 1982) and in the Gulf of Alaska (Cooney 1988). In the fall of 1975, the dominant 

zooplankton taxa in PWS were Copepoda (Acartia longiremis, Oithona similis, and 

Pseudocalanus sp.), Amphipoda, and Euphausiacea (Damkaer 1977). These species were present 

in low abundance in the fall herring diets in this study. Larvacea were rare in 1975 (Damkaer 

1977), whereas they dominated the 1995 fall juvenile herring diet (Boldt 1997; this study).

The presence of benthic and epibenthic invertebrate species found in the herring diets in 

PWS indicate feeding near the bottom during the day when herring vertically migrate to deep 

water. Baltic herring feed on more zoobenthic species as the depth of capture increases 

(Ostrowski and Mackiewicz 1992). Diel and ontogenetic shifts in juvenile herring feeding 

behavior in PWS need to be investigated.

Diversity index

The high diversity of Zaikof Bay prey species in June herring diets reflects the increased 

availability of prey taxa associated with the spring plankton bloom. A single dominant prey taxon 

in the diets in all three bays in October reflects lower prey diversity. Similarly, a low diversity 

diet consisting of EurytemoratTemora spp. dominates age-0 Baltic herring October diets 

(Rudstam et al. 1992). Herring from Whale Bay, which had the fullest stomachs, did not have the
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highest prey diversity indices, suggesting that they fed more when there was high biomass but 

fewer available taxa. Feeding more, however, does not mean an energetically richer diet.

Selective feeding during periods of higher diversity could provide energetically “better” prey 

regardless of the stomach fullness.

Diet energy density

Large Calanoida and Euphausia sp. have relatively high energy content and therefore 

provide high diet energy density. Herring diets in October had higher energy density in Whale 

Bay because of a higher biomass of energy rich calanoid copepods than the other sites. Euphausia 

sp. was responsible for higher March diet energy densities in Eaglek Bay. Similar energy density 

in June, October, and March, when diet composition varied in Zaikof Bay, suggests that the prey 

biomass consumed is more important than the composition when large copepods are not present. 

However, errors associated with zooplankton lipid utilization in the winter could lead to an 

overestimate of the relative energy densities (Littlepage 1964; Donnelly et al. 1994).

The energy density and species composition of prey ingested may dictate which fish have 

enough energetic reserves to survive the winter, especially in the first year (Paul and Paul 1998; 

Paul et al. 1998). In October, assimilation rate -  weight regressions suggest that smaller age-0 

herring are closer to the line at which they will lose energy if prey are not available. In March, 

fish less than 3 g were not caught and a few fish fell below the line suggesting that, based on the 

diet composition, they were starving. Herring sampled in March weighed less (relative to 

standard length) than those in October, suggesting that they were closer to or below the energy 

loss rate line and used their reserves (Fig. 4.4). It is unlikely that fish grew during the winter 

period due to low temperatures and minimal food availability (Chapter 5). No age-0 herring < 75 

mm were caught in March in a concurrent study on Pacific herring spatial distribution in PWS
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(Stokesbury et al. in press). A significant drop in the assimilation rate -  weight regression slopes 

from October to March indicates that the assimilation rates of larger fish decrease faster than 

those of smaller fish between high and low feeding periods (Fig. 4.5). This may be a function of 

higher size selective competition in October than in March or could be due to the loss of the 

smaller fish during the winter.

Variables associated with winter feeding dynamics of juvenile herring are not well 

understood. I assumed a constant energy loss rate in the winter. Herring feeding during winter 

months has not been well documented (Rudstam 1988; Hay et al 1988). Fifty-three percent of the 

stomachs in Zaikof Bay in March were empty suggesting low food availability. A constant 

egestion of 20 % may overestimate the amount of food assimilated in the winter as faeces loss 

increases with decreasing temperature (Brocksen and Bugge 1974).

Consumption rates used in this study were similar to those for herring in cold temperature 

ranges. Consumption rates for herring are highly variable with temperature and prey composition. 

Pacific, Atlantic, and Baltic juvenile herring consume from 1.3 to 9.4 % BWD, increasing with 

temperature (DeSilva and Balbontin 1974; Rudstam 1988; Arrhenius and Hansson 1994; Mehner 

and Heerkloss 1994; Robinson and Ware 1994).

Conclusions

The presence of higher energy taxa in the summer and fall diet may indicate that one bay 

is a better rearing habitat than another for juvenile herring. In Zaikof bay, seasonal maxima in 

food consumption and diet energy content were observed in the spring during the spring 

phytoplankton bloom. Energetically favorable prey such as large calanoid copepods provided a 

seasonally limited resource to juvenile herring in the bays. Smaller copepods and euphausiids 

were not found equally in the summer and fall diets in the four bays and were responsible for
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variation in the energy density in the diets. Low assimilation rates suggest that small age-0 

herring may starve during low food periods in the winter.
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Appendices

Appendix 4.1. Average wet weights (mg) of invertebrate taxa from Prince William Sound used

for biomass estimates.

Taxon Wet wt (mg) Taxon Wet wt (mg)

Acartia longiremus adult 0.052 Harpacticoida 0.090
Acartia sp. 0.028 Hyperiidea (juvenile) 7.860

Bivalvia (larvae) 0.005 invertebrate egg <0.2mm 0.000
Brachyura zoea 2.620 Ischyocerus sp. 1.340

Bryozoa cyphonautes larvae 0.020 Isopoda 2.740
Calanoida (<2.5 mm) 0.075 Isopoda Epicaridea larva 0.190
Calanoida (>2.5 mm) 2.262 Limacina helicina (juvenile) 0.043
Calanus marshallae 1.430 Malacostraca 12.060
Calanus pacificus 0.487 Metridia okhotensis 1.480

Candacia columbiae 2.150 Metridia okhotensis (adult female) 1.883
Centropages abdominalis (adult) 0.144 Metridia pacifica 0.489

Chaetognatha 0.440 Metridia pacifica (adult female) 0.789
Cirripedia cyprid 0.288 Metridia spp. 0.717

Cirripedia nauplius 0.190 Neocalanus cristatus adult 12.200
Cladocera 0.039 Neocalanus!Calanus sp. 2.262

Decapoda zoea 2.739 Oikopleura sp. 0.033
Epilabidocera longipedata 1.800 Oithona similis 0.012

Euchaeta elongata 3.850 Oncea sp. 0.012
Euphausia calyptopis 0.165 Ostracod Conchoecia sp. 1.175

Euphausia furcilia 0.390 Paguridae zoea 1.590
Euphausiacea 10.650 Pisinae zoea 0.330

Euphausiacea egg 0.002 Podon sp. 0.039
Evadne sp. 0.039 Polychaeta (juvenile) 0.087

Fish egg (-1.0 mm) 6.590 Primno macropa 3.990

Fish larvae 50.000 Pseudocalanus (adult male) 0.066

Fish scales 0.001 Pseudocalanus sp. 0.142

Gadius variabilis 1.610 Sagitta sp. 0.440

Gammaridea 0.650 unknown egg mass 0.021

Gastropoda (juvenile) 0.160 unknown nauplius 0.011
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Appendix 4.2. Zooplankton energy density values. Seasonal data were used when available.

Cladocera and Harpacticoida energy densities were based on those of Calanoida (<2.5
mm).

Taxon Season kJ/g ww Citation
Amphipoda 3.53 Percy and Fife 1981; Harris 1985

Cirripedia cyprid 2.16 Lucas et al. 1979
Cirripedia nauplius 3.28 Lucas et al. 1979

Bivalvia larvae 3.50 Wacasey and Atkinson 1987
Bryozoa larvae 1.25 Wacasey and Atkinson 1987

Calanoida (>2.5 mm) summer 4.41 Comita et al. 1966; Musayeva and Sokolova 
1979; Laurence 1976

Calanoida (>2.5 mm) fall 2.93 Donnelly et al. 1994
Calanoida (>2.5 mm) winter 2.09 Donnelly et al. 1994
Calanoida (<2.5 mm) summer 3.60 Laurence 1976; Kosobokova 1980
Calanoida (<2.5 mm) fall 2.93 Donnelly et al. 1994
Calanoida (<2.5 mm) winter 2.09 Donnelly et al. 1994

Chaetognatha summer 1.39 Musayeva and Sokolova 1979; Kosobokova 1980
Chaetognatha fall 0.42 Donnelly et al. 1994
Chaetognatha winter 0.84 Donnelly et al. 1994

Cladocera summer 3.60 based on Calanoida (<2.5 mm)
Cladocera fall 2.93 based on Calanoida (<2.5 mm)
Cladocera winter 2.09 based on Calanoida (<2.5 mm)

Decapoda zoea 3.25 Wacasey and Atkinson 1987

Euphausiacea 5.02 Percy and Fife 1981; Harris 1985

Fish egg (-1.0 mm) 4.52 Harris et al. 1986

Fish larvae 4.98 Harris et al. 1986

Gastropoda 3.08 Percy and Fife 1981

Harpacticoida summer 3.60 based on Calanoida (<2.5 mm)

Harpacticoida fall 2.93 based on Calanoida (<2.5 mm)

Harpacticoida winter 2.09 based on Calanoida (<2.5 mm)

Isopoda 2.59 Wacasey and Atkinson 1987

Larvacea 2.64 Musayeva and Sokolova 1979

Ostracoda 1.26 Donnelly et al. 1994

Polychaeta fall 2.09 Donnelly et al. 1994

Polychaeta winter 1.26 Donnelly et al. 1994



CHAPTER 5: Winter Feeding and Changes in Somatic Energy Content for Age-0 Pacific 

Herring in Prince William Sound, Alaska1 

Abstract

During the winter of 1996-97 somatic energy content and diets of age 0 Pacific herring 

Clupea pallasi (Valenciennes 1847) from Prince William Sound, Alaska, were examined. From 

October to March, the mean standard length of age 0 recruits continued to increase, indicating 

either growth or mortality of smaller fish. The whole body energy content averaged 4.4 kJ/g wet 

wt for fish captured in October and increased to 5.0 kJ/g wet wt in November. Thereafter, somatic 

energy continually declined, reaching 3.9 kJ/g wet wt in March. The December to March decline 

in nutritional status of the recruits verified that the energy derived from feeding was not enough 

to meet metabolic needs. The energy density of taxa found in the diets remained steady through 

the winter and increased in March. Total zooplankton biomass, however, decreased as the mean 

water temperature decreased. Estimated assimilation rates were lower for smaller fish than larger 

fish and decreased as winter progressed. I concluded that juvenile herring rely on energy stores to 

overwinter and smaller fish are more likely to be affected by starvation. Also, the duration of 

overwinter starvation may be related more to photoperiod than to mean water temperature.

Introduction

In Prince William Sound (PWS) the Pacific herring, Clupea pallasi, has supported 

important bait, roe and subsistence fisheries, and is a major prey for several other species. 

Currently, the Sound Ecosystem Assessment (SEA) program is examining the trophic interactions

1 Foy, R. J. and A. J. Paul. 1999. Winter feeding and changes in somatic energy content of age-0 
Pacific herring in Prince William Sound, Alaska. Transactions of the American Fisheries 
Society. 128: 1193-1200.
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that moderate herring recruitment. Herring are known to feed and build up fat stores during the 

spring and summer (Blaxter and Holliday 1963), but the extent to which they feed during the 

winter is not well understood (Hay et al. 1988). Due to a drop in oil content, British Columbia 

herring are hypothesized to starve during the winter (Hart et al. 1940). Only 0.05% of herring 

caught in January and November 1932 - 1934 in British Columbia commercial purse seines 

contained significant amounts of food (Wailes 1936). No studies of winter feeding Alaskan 

herring stocks have been conducted. Comparison of whole body energy content (WBEC) values 

for fall and spring collections of herring from PWS demonstrated that stored energy was used 

extensively to get through the winter by all the age classes (Paul et al. 1998). The difference in 

WBEC between herring captured in fall and spring revealed that in PWS the recruiting year class 

of herring had the smallest energy reserves and many recruits did not have enough stored energy 

to fast until the spring plankton bloom (Paul and Paul 1998; Paul et al. 1998). The objective of 

this study was to examine the importance of winter feeding by estimating the energetic value of 

stomach contents and measuring overwinter changes in WBEC of age 0 herring from one PWS 

bay.
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Figure  5.1: M ap o f  the study  area in Prince W illiam  Sound, A laska, including  Sim pson Bay

w here age 0 herring  w ere  captured  for analysis o f  som atic energy  content and w inter

feeding.



Methods

Data collection

Simpson Bay is an estuary located on the southeastern side of PWS (Figure 5.1). Age 0 

herring were collected from 2-13 October, 4-7 November, 4-6 December 1996 and from 10-13 

February and 5-12 March 1997 using a purse seine vessel with a 250 m x 34 m, 25 mm stretch 

mesh anchovy net. Sampling took place during the evening and at night. Moored data loggers, 

centrally located in Simpson Bay at 5 m depth, recorded temperature every 0.5 h during the 

sampling period.

Zooplankton were collected by whole water column vertical tows with a 0.5 m 300 |j.m 

mesh net from four sites in the bay. Samples were immediately preserved in a 10% buffered 

formaldehyde solution. Taxa from subsamples were identified as close to species as possible. 

Mean weights (mg) per taxon were determined from pooled preserved samples each month. Total 

biomass was determined by pooling all taxa in each tow and averaging all tows each month. 

Monthly differences were determined by a one-way analysis of variance on transformed (In (x) + 

1) data. Significant differences between groups were analyzed post hoc using an extended Tukey 

method for unequal sample sizes (Spjotvoll and Stoline 1973).

Somatic energy

Fish used for WBEC (n = 538) were frozen in seawater aboard ship immediately after 

capture and kept frozen until processing. All fish were processed within two weeks of capture. In 

the laboratory the fish were partially thawed and measured for standard length (SL) to the nearest 

mm, then weighed to the nearest 0.1 g. Scales were removed from each fish for aging as 

described below. Each herring was freeze dried whole until no moisture was apparent. Next, it 

was dried in a convection oven at 60 °C until it reached a constant weight. Dried fish were ground
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in a mill and measurements of caloric content were made using bomb calorimetry. All 

calorimetric samples were weighed to the 0 .0 0 0 1  g level using a single sample burned per fish.

Scales were removed from every WBEC fish just above or below the lateral line, 3 rows 

behind the operculum, for aging. They were cleaned manually and mounted on glass slides. 

Mounted scales were placed in a microfiche reader and winter annuli counted in the conventional 

manner. Only fish judged to be age 0 (1996 year class) are included in this report. Age 0 fish are 

easy to identify both by SL and scale age since they are much smaller than other age groups. The 

differences in WBEC of age 0 fish captured in various months were compared using a Mann- 

Whitney Rank Sum test (MW) (Zar 1996).

Feeding energetics

Additional fish (n = 154) were preserved in a 10% buffered formaldehyde solution after 

capture. After 24 hours, samples were transferred to 50% isopropanol for diet analysis. Each fish 

was blotted dry, weighed to the nearest 0.01 g, and SL measured to the nearest 1 mm. Herring < 

121 mm were assumed to be age 0. Prey taxa in the stomach were enumerated and identified to 

the lowest possible taxonomic level. In some cases a broad taxonomic grouping had to be used 

due to digestion (e.g., Calanoida > 2.5 mm).

Energy density of assimilated food (kJ/g food wet wt) was determined by multiplying the 

percent biomass of each prey taxa found in the diet by literature values of zooplankton energy 

density (Table 5.1). In cases where energy density of zooplankton was reported per g dry weight, 

80% water content was assumed (Percy and Fife 1981; Donnelly et al. 1994). Diet energy density 

was compared monthly using a Kruskal-Wallis and Dunn’s tied rank multiple comparison test 

with unequal sample sizes (Zar 1996).
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Table 5.1. Zooplankton energy density values. Winter or high latitude data were used when 

available. Cladocera and Harpacticoida energy densities were based on those of 
Calanoida (<2.5 mm).

Taxon kJ/g wet wt Citation
Amphipoda 3.53 Percy and Fife 1981; Harris 1985

Cirripedia cyprid 2.16 Lucas etal. 1979
Cirripedia nauplius 3.28 Lucas et al. 1979

Bivalvia larvae 3.50 Wacasey and Atkinson 1987
Bryozoa larvae 1.25 Wacasey and Atkinson 1987

Calanoida (>2.5 mm) 2.09 Donnely et al. 1994
Calanoida (<2.5 mm) 2.09 Donnelyetal. 1994

Chaetognatha 0.84 Donnely etal. 1994
Cladocera 2.09 based on Calanoida

Decapoda zoea 3.25 Wacasey and Atkinson 1987
Euphausiacea 5.02 Percy and Fife 1981; Harris 1985

Fish egg (-1.0 mm) 4.52 Harris et al. 1986

Fish larvae 4.98 Harris et al. 1986

Gastropoda 3.08 Percy and Fife 1981

Harpacticoida 0.50 based on Calanoida

Isopoda 2.59 Wacasey and Atkinson 1987

Larvacea 2.64 Musayeva and Sokolova 1979

Malacostraca 5.02 Percy and Fife 1981; Harris 1985

Mysidacea 5.28 Harris 1985

Ostracoda 1.26 Donnelyetal. 1994

Polychaeta 1.26 Donnelyetal. 1994
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Table 5.2. Age 0 Pacific herring standard lengths (mm) from fish analyzed for whole body energy 

content (WBEC) and weights (g) from diet analyses. Consumption rates (% wet wt/d) 

used for assimilation rate estimates and the % of empty stomachs encountered in the
study are also reported.

Month

WBEC

N SL mm 

(SE)

N

Diet

SL mm 

(SE)

Weight g 

(SE)

Consumption 

(% wet wt /d)

% Empty 

Stomachs

Oct 195 65 (13) 73 64(11) 2.55(1.5) 3.2 3
Nov 100 74 (9) 48 73 (8) 3.82(1.7) 2 .8 44
Dec 127 79(12) 30 79(14) 4.78 (2.8) 2.1 70
Feb 104 80(16) 15 83 (13) 5.05 (2.5) 1.3 27
Mar 12 98 (6 ) 15 99 (6 ) 6.98(1.2) 1.4 0



Individual herring diet assimilation rates (kJ/d) were calculated by multiplying the energy 

density of assimilated food by monthly consumption rates (Table 5.2) and 0.8 to account for 20 % 

egestion of the food consumed (Winberg 1960; Elliott 1976). Consumption rates were derived by 

applying a regression of consumption as a function of temperature from data available for Baltic 

Sea herring to monthly temperature values in PWS (Arrhenius and Hansson 1994). The energy 

loss for herring during starvation was assumed to be 23.3-10'3 kJ-g1 wet wt-d"1 (Paul and Paul

1998).

Results

Mean (SD) temperature at 5 m depth in Simpson Bay dropped from 9.3 (0.49) °C in 

October to 3.8 (0.77) °C in February and increased to 4.1 (1.38) °C in March (Figure 5.2).

Total zooplankton biomass significantly declined among samples from October to March 

(F = 5.55, DF = 5, P = 0.002; Figure 5.3). Zooplankton mean (SE) biomass decreased 

significantly from 202.8 (37) mg/m3 in October to 23.3 (4) mg/m3 in February and increased to 

50.3 (2) mg/m3 in March. The number of tows ranged from 6  to 70 per month.

Somatic energy

WBEC increased significantly (P = 0.000) from 4.4 kJ/g wet wt in October to 5.0 kJ/g 

wet wt in November, then declined significantly through the winter (P=0.000) from 4.8 kJ/g wet 

wt in December to 4.2 kJ/g wet wt in February (Figure 5.4). No significant difference in WBEC 

existed between the November (mean = 5.0) and December (mean = 4.8, P = 0.508) values, or the 

February (mean = 4.2) and March (mean = 3.9 P = 0.673) values. During the 114 days between 

the November and March collection dates, the average loss of somatic energy was 9.6-10‘3 kJ-g"‘ 

wet wt-d"1. The average SL of age 0 fish increased with every sampling date from 65 mm in
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Figure 5.2: Monthly mean (SD) temperatures recorded at 5 m from a moored logger from October 

1996 to March 1997 in Simpson Bay.
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Figure 5.3: Mean (SE) zooplankton biomass (mg/m3) in Simpson Bay from October 1996 to 

March 1997. The number of tows sampled is shown below the SE bars.
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Figure 5.4: Mean (SE) whole body energy content (kJ/g wet wt) and diet energy density (kJ/g 

food wet wt) for age 0 Pacific herring from Simpson Bay in Prince William Sound, 

Alaska, during October 1996 to March 1997.



October to 98 mm in March (Table 5.2). Monthly SL values differed significantly (P = 0.000) 

between all sample periods except when December and February WBEC values were compared 

(Table 5.2). Sample sizes by month appear in Table 5.2.

Feeding energetics

Mean (SD) SL of fish used for diet analysis increased from 64 (11) mm in October to 99 

(6 ) mm in March (Table 5.2). Mean (SD) weight increased from 2.55 (1.5) g in October to 6.98 

(1.2) g in March. The percentage of empty stomachs was greatest in December and no empty 

stomachs were found in the March samples (Table 5.2). Between 2 to 7 taxa each comprised 

greater than 3% of the total biomass of juvenile herring stomach contents, accounting for 91 to 

98% of all taxa found in the diets (Table 5.3). Oikopleura sp. was the dominant prey taxon in 

October and February, whereas Neomysis sp. dominated in November and December and 

Thysanoessa sp. was dominant in March.

The mean energy density of food items consumed was significantly different among 

months in the winter of 1996 -  1997 (X2= 13.39, P = 0.01, df = 4). Energy density of assimilated 

food was significantly higher in March than in October, November, and December (Q = 3.60, 

P<0.05, df = 5; Q = 3.15, P<0.05, df = 5; Q = 3.00, P<0.05, df = 5; Figure 5.4).

The energy assimilated per day was highest for larger individuals and decreased with 

respect to fish weight from October to February (Figure 5.5). The energy assimilation rates above 

0.6 kJ/d were a result of the high energy density Malacostracans {Neomysis sp. and Euphausiacea) 

in the diet. Some assimilation rates in November, December, and February were either at or 

below the 23.3-10'3 kJ-g 1 wet wt-d' 1 maintenance line.
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Table 5.3. Percent biomass of prey taxa in the diet of juvenile Pacific herring in the winter of 

1996-1997. Values less than 3 % of biomass were not reported.
Month Taxa % Biomass

October Oikopleura sp. 84.2
Calanoida (<2.5 mm) 11.5

November Malacostraca 44.0
Oikopleura sp. 24.1
Neomysis rayi 16.0
Chaetognatha 4.0
Gastropoda juv 3.0

December Neomysis rayi 46.3
Amphipoda 35.1

Euphausiacea juv 6.4

Polychaeta juv 5.8

Chaetognatha 4.2

February Oikopleura sp. 25.7

Calanoida (<2.5 mm) 22.1

pteropod 15.8

fish egg ( 1.0 mm) 13.5

Pseudocalanus sp. 11.5

Harpacticoida 4.5

March Thysanoessa sp. juv 52.1

Thysanoessa sp. adult 16.1

Thysanoessa spinifera 8.1

Thysanoessa raschii 8.1

Calanoida (<2.5 mm) 6 .2

Metridia pacifica AF 3.4

fish egg ( 1.0 mm) 3.4



138

HERRING WEIGHT (g)

Figure 5.5: Estimated age 0 herring assimilation rates (kJ/d) as a function of fish weight (g) from 

October 1996 to March 1997. The solid line represents a fasting energy loss rate of 

23T0"3 kJ-g' 1 wet wt-d'1.



A slow, continual decline in WBEC occurred from November to March, rather than any 

abrupt changes. This corroborates the findings of previous studies (Quast 1986; Paul and Paul 

1998; Paul et al. 1998) which suggested that overwintering herring rely on stored energy to 

survive. Previous age-specific measurements of WBEC for PWS herring showed that the 

recruiting year class had average WBEC values of 5.7 kJ/g wet wt vs. 9.5 kJ/g wet wt for adult 

herring captured in October (Paul et al. 1998). Age 0 herring, which metamorphose in June in 

PWS (authors unpublished), have less time to store energy for overwintering than older herring 

do (Paul et al. 1998). Juveniles forced to fast in the laboratory used 23-10'3 kJ-g' 1 wet wt-d' 1 (Paul 

and Paul 1998), but my field observations indicated WBEC losses of less than half of that (Figure 

5.4). If smaller fish that had low WBEC in the fall were dying faster than energy rich fish, 

comparing fall and spring WBEC values would underestimate in situ energy use. Studies of 

freshwater fishes have found that larger fish come out of the winter in better energetic condition 

than smaller fish (Oliver and Holeton 1979; Shuter et al. 1980; Cargnelli and Gross 1997). 

Laboratory and field studies on yellow perch Perea flavescens under winter temperature and 

photoperiod conditions have revealed higher body weight loss for smaller fish than for larger fish 

in both fed and unfed treatments and overwinter size selective mortality favoring larger 

individuals (Post and Evans 1989). The continual increases in length of juvenile herring captured 

through the winter may reflect mortality of smaller individuals, as has been observed in some 

freshwater fishes (Toneys and Coble 1979). Alternatively, the fish may continue to grow in 

length, despite the fact that decreasing photoperiod and temperature have negative effects on fish 

growth (Winberg 1960; Karas 1990). It is unknown if the recruits that occupied the sampling 

areas in the fall remained there or were replaced by other fish. This lack of information on 

movement limits our ability to estimate overwinter energy use from the time sequence samples.
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The energy density of the juvenile herring diets remained steady from October to 

December. The continual decline in zooplankton biomass from October to February, however, 

suggests that prey were lass available as winter progressed. To maintain the same energy density 

intake, fish would have to expend more energy searching for and capturing prey. This evidence is 

corroborated by the fact that the fish WBEC declined through the winter. From February to 

March when the WBEC leveled off, the energy density of prey found in the diet increased and 

prey were more available, as evidenced by the increase in total zooplankton biomass. The 

presence of high energy density Thysanoessa sp. and Metridia spp. in the March diets and the 

lack of empty stomachs indicate that herring fed more actively or that these prey became more 

available. The stability of WBEC in March suggests either that the herring diet was just enough 

for maintenance or that growth occurred when feeding began and photoperiod increased (Jobling 

1994). Also, a significant amount of time would be expected before increases in dietary energy 

would be noticeable in the WBEC of the fish. Because zooplankton also utilize lipid stores in the 

winter, the energy densities used to estimate diet energy density could be overestimated 

(Littlepage 1964; Donnelly et al. 1994), although seasonal estimates were used when available.

Assimilation rates for individual fish are related to fish weight, ration size, and 

temperature (Brocksen and Bugge 1974). The diets of smaller fish included smaller and less 

energy dense prey and, therefore, were closer to the maintenance energy requirements. As winter 

progressed, more fish were on or below the 23-10*3 kJ-g' 1 wet w t-d1 maintenance line, suggesting 

that without the availability of higher energy density prey they would starve. The SL of fish 

measured is believed to be representative of the population in Simpson Bay and the increase 

during this study has been hypothesized to be a result of overwintering size dependant mortality. 

Mortality of overwintering fish could be due to starvation or osmoregulatory dysfunction as water 

replaces lipid stores (Johnson and Evans 1996). Because the maintenance energy requirement is
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inversely related to fish size (Brett and Groves 1979), a loss rate of 23-1 O' 3 kJ-g1 wet wt-d1 (Paul 

and Paul 1998) is a conservative estimate when considering the smallest juvenile herring. Also, 

due to increased faecal loss with decreasing temperature (Brocksen and Bugge 1974), a constant 

egestion of 2 0 % may overestimate the amount of food assimilated in the winter.

Since temperature was still at its minimum in February and March, the similarity of 

WBEC in these months, increased energy density in the diet, and higher zooplankton biomass 

suggest that the duration of winter starvation of juvenile herring in PWS may be more dependent 

on the length of the day than on the mean temperature in the water column. This hypothesis is 

plausible since herring are visual plankton feeders (Blaxter and Holliday 1963) and the variability 

in daylight hours is extreme at the latitude of PWS. High occurrence of empty stomachs and diets 

including epibenthic prey such as Amphipoda and Polychaeta indicate low foraging activity and 

patchy feeding near the bottom of the bay in December when light levels are lowest. The increase 

in feeding activity, based on percent of empty stomachs, occurred approximately the same 

number of days past winter solstice as the significant decreases began prior to winter solstice. 

Although extreme temperature conditions will affect the metabolic demands and survival of 

herring (Blaxter and Holliday 1963), the effects of an average winter may not be life threatening 

for larger age 0  fish and therefore the determining factor of winter survival of age 0  herring is the 

amount of energy stored prior to winter.
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CHAPTER 6: Temperature Effects on Zooplankton Assemblages and Juvenile Herring 

Feeding in Prince William Sound, Alaska1

Abstract

The Prince William Sound, Alaska Pacific herring (Clupea pallasi) population declined 

in 1993 prompting questions regarding juvenile feeding ecology and their nursery areas. To study 

the feeding ecology of juvenile herring I investigated the prey availability and herring diets within 

four nursery areas from May 1996 to March 1998. Quality of nurseries was evaluated with 

respect to zooplankton community structure and variables affecting that community. Zooplankton 

distribution was significantly influenced by seasonal and annual environmental factors among 

bays in Prince William Sound. The diets of juvenile herring were examined and related to prey 

availability. Prey densities, incidence of feeding and prey taxa richness increased during the 

spring months and were minimal during the winter. Prey selection was highest during the winter 

months when prey availability was lowest. Lower zooplankton densities in the fall of 1997 than in 

1996 were correlated to warmer water temperatures. Consequently, juvenile herring feeding 

decreased in the fall and winter of 1997-1998. Increased temperatures may be responsible for 

higher growth rates and higher winter survival of juvenile herring observed that year in Prince 

William Sound.

Introduction

The importance of successful feeding in early stages of fish development is well 

documented (Hjort 1914, Lasker 1975, Lasker 1978, Houde 1987, Anderson 1988). Year-class

1 Foy, R. J. and B. L. Norcross. In press. Temperature effects on zooplankton assemblages and 
juvenile herring feeding in Prince William Sound, Alaska. Proceedings of Herring 2000. 
18th Lowell Wakefield Fisheries Symposium. Anchorage, Alaska. February 23-26, 2000.
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strength can be affected by increased density-dependent mortality because of food limitation 

and/or quality (Walters and Juanes 1993). Fish growth rates affected by prey availability and 

temperature have been found to be important regulators of recruitment by influencing mortality 

rates (Ware 1975, Shepherd and Cushing 1980, Anderson 1988). Atlantic herring (Clupea 

harengus) are prey limited in the winter months and thus must reach a satisfactory level of 

condition to fast while overwintering (Blaxter and Holliday 1963). This is an especially critical 

period for juvenile (<250 mm) Pacific herring (Clupea pallasi Valenciennes 1847), which incur a 

substantial amount of mortality during their first winter (Paul et al. 1998, Patrick et al. in prep., 

Stokesbury et al. in press, Chapter 5).

I investigated the feeding ecology of juvenile herring in Prince William Sound (PWS), 

Alaska to find possible mechanisms for recruitment failures in 1993 and 1999. The cause of the 

population crash has been speculated to be the result of high disease incidence in adults (Marty et 

al. 1998). Disease is likely a mechanism of mortality within the herring population that is directly 

linked to the condition and nutritional status of the fish (Pearson et al. 1999).

Juvenile herring feeding behavior and prey availability vary on multiple spatial and 

temporal scales and are at their peak in May (Chapter 4). Zooplankton numbers and biomass are 

highest in May and July in herring nursery areas in PWS (Foy and Norcross 1999, Chapter 4). 

Shifts in prey species composition and decreased prey abundance prior to winter indicate that the 

feeding behavior in herring nursery areas also changes (Chapter 3).

Environmental variables influence the condition of fishes by affecting growth rates as 

well as the community structure of the prey. Growth rates of juvenile herring in PWS are 

significantly correlated to average temperatures in the water column (Stokesbury et al. 1999). 

Zooplankton species composition and abundance are significantly correlated to temperature and 

salinity trends in PWS (Chapter 2). The objective of this study was to examine the response of
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juvenile herring feeding behavior to zooplankton availability and environmental conditions in 

PWS.

Materials and Methods

PWS is a large, fjord-type estuarine system, consisting of numerous shallow bays, fjords, 

and tidewater glaciers, located on the southern coast of Alaska adjacent to the North Pacific 

Ocean (Niebauer et al. 1994; Fig. 6.1). I sampled fifteen times between March 1996 and March 

1998 in two deep fjords with depths > 250 m (Eaglek and Whale Bays) and two estuaries with 

depths < 100 m (Simpson and Zaikof Bays; Table 6.1). Data from the four bays were pooled for 

this study due to consistent interannual trends among bays.

Temperature loggers (Onset Computer Corporation) were deployed at a central location 

in each of the four bays at a depth of 5 m. Temperatures were sampled every 30 minutes from 

October 1996 until March 1998. Prior to October 1996, at the same sites temperature loggers 

were deployed, conductivity and temperature at depth (CTD) measurements were taken at 1 m 

intervals with a SeaBird SEACAT SBE 19 instrument. Tows occurred once per month and were 

from the surface to 1 m from the maximum depth. Only CTD data from a depth of 5 m were used 

in this study. An analysis of variance and a post hoc Tukey test were used to test for differences 

in the average temperature among months (Zar 1996).

Zooplankton were collected by vertical tows (n=535) with a 0.5 m, 300 pin mesh ring net 

from multiple sites within the four bays. Three to 5 stations located equidistant from the head to 

the mouth of each bay were sampled to determine small scale heterogeneity in zooplankton 

community structure. A tow was lowered to 30 m and then retrieved at a constant speed (0.5 m/s) 

to avoid bias associated with net avoidance. Volume filtered was determined by multiplying the
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Prince W illiam Sound

Figure 6.1: Location of study sites in Prince William Sound, Alaska. Simpson, Eaglek Whale, and 

Zaikof Bays were sampled from 1996 until 1998.
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Table 6.1. Counts of zooplankton tows and juvenile herring stomachs sampled from March 1996 
to March 1998 in Prince William Sound.

Month Number of zooplankton tows Number of stomachs
March 1996 0 ~ ” 33^-----------------

May 1996 31 391

June 1996 3 4  3-71

July 1996 12 135

August 1996 33  257

October 1996 35  270

November 1996 10 144

December 1996 7 30

February 1997 12 80

March 1997 70 153

May 1997 65 294

July 1997 63 267

August 1997 62 298

October 1997 4 7  105

March 1998 4 9  102

Total 530 3282



area of the ring net mouth by the depth of the tow. Wire angle was noted in order to maintain 

consistency in the depth sampled between tows and to calculate volume sampled. Samples were 

immediately preserved in a 10 % buffered formaldehyde solution. All taxa from subsamples split 

with a Folsom splitter were identified as close to species and life stage as possible.

Juvenile herring schools (n=193) were targeted acoustically and collected with a 

commercial purse seine vessel with a 250 m x 34 m or 250 m x 20 m, 150 mm stretch mesh 

anchovy net or a trawl vessel with a 40 m x 28 m, 150 mm mesh mid-water wing trawl net. 

Juveniles (< 250 mm) were considered non-spawning fish less than three years old (Stokesbury et 

al. 2000). Between fifteen and twenty fish were randomly chosen from each catch and preserved 

in a 10 % buffered formaldehyde solution for at least 24 hours. Samples were transferred to 50 % 

isopropanol for diet analysis. Post-processing analyses included taxa richness (number of taxa), 

prey energy density, and prey selectivity (see Chapter 2 and Chapter 3).

Juvenile herring food preference were estimated by Chesson’s selectivity (a) index 

(Chesson 1978, Chesson 1983): 

r  In.
a i = m ---- ---

j =1

where r; is the proportion of taxa i in the herring diet, nj is the proportion of taxa i in the 

environment, m is the number of prey taxa and j represents each taxon. Diet proportions, rb were 

calculated for the stomach contents of each fish sampled. Zooplankton proportions in the 

environment, nj, were calculated from samples collected from multiple sites within the four bays 

during the same sampling periods that the fish were caught. The selectivity index ranges from 0 

(avoidance) to 1 (selection) and a value of 1/m represents neutral selection. An analysis of 

variance and a post hoc Tukey test were used to test for differences in the average selectivity of
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all taxa among months (Zar 1996). For selection information of particular prey species see 

Chapter 2.

Results

Temperatures in the nearshore surface waters ranged from 4.3 to 13.3 degrees C in 1996, 

3.5 to 14.8 degrees C in 1997, and averaged 5.0 degrees C in March 1998 (Fig. 6.2). 

Temperatures at 5 m were significantly different among months (F=155.4, df=14, P<0.01). 

Temperatures were coolest in March in 1997 and 1998 and warmest in August in 1996 and 1997. 

The fall of 1997 and the spring of 1998 were significantly warmer than those of the previous year.

The zooplankton density in the upper 30 meters of the water column was seasonally and 

interannually variable. Zooplankton density was highest in June 1996 at 3166 zooplankton per m3 

(Fig. 6.3). Zooplankton abundance decreased in the winter of 1996-1997 to less than 90 

zooplankton per m3. May 1997 zooplankton densities were significantly higher than those of May

1996 (F=27.2, df=94, P<0.01). Zooplankton densities in July, August, and October 1997 were all 

significantly lower than in the same months in 1996 (P<0.01). No sampling occurred in June

1997 to compare to 1996. The zooplankton species richness was highest in May of both 1996 (41 

taxa) and 1997 (34 taxa) and lowest in October 1996 (28 taxa) and 1997 (23 taxa; Fig. 6.4). There 

was an overall decreasing trend in the number of zooplankton taxa between May of 1996 and 

October 1997.

The number and diversity of prey taxa in the herring diets per fish varied among months 

and between 1996 and 1997. The density of zooplankton in the diets of juvenile herring was 

highest in July of 1996 at 1209 prey per fish (Fig. 6.5). This was an increase from 91 prey per fish 

in March 1996 followed by a decrease to an average of 3 prey per fish in December 1996. In 1997 

the average count of prey was larger in May (398 prey per fish) than July (278 prey per fish).
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Figure 6.2: Average temperature (5 m) from fixed temperature loggers and CTD casts in four 

Prince William Sound bays.
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M arch 1996 to M arch  1998 in four Prince W illiam  Sound bays. B lank spaces
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Juvenile herring fed on significantly more prey per fish in May 1997 than in 1996 corresponding 

to the increased availability of prey in May 1997 (F=12.3, df=354, p<0.01). The number of prey 

per fish for every other month in 1997 was significantly lower than in 1996 (PO.Ol). The 

number of taxa in the diets of the herring was highest in July 1996 (9 taxa) and May 1997 (7  taxa; 

Fig. 6 .6 ). The lowest number of taxa in the diets occurred in December 1996 (2 taxa) and October 

1997 (1 taxon). All 1997 months except May had fewer taxa in the diets than in 1996. The 

number of empty stomachs was highest in winter (November to March) and lowest from June to 

August (Fig. 6.7). The percentage of empty stomachs in October 1997 was three times greater 

than in October 1996.

Juvenile herring were more selective during the winter months when prey was scarce 

than in the summer months when prey was abundant (F=4.79, df=13, PO.Ol; Fig. 6 .8 ).

Selectivity index values ranged from 0.17 to 0.65 in 1996 (monthly neutral value range = 0.06 to 

0.14) and from 0.22 to 0.77 in 1997 (monthly neutral value range = 0.04 to 0.22). Juvenile herring 

were significantly more selective in October 1997 than in October 1996 (PO.Ol).

Discussion

This study analyzed the response of herring feeding behaviors to the availability of 

zooplankton affected by environmental fluctuations over a short temporal scale. Changes in the 

interaction between predator and prey communities have been studied in relation to 

environmental conditions (Ware 1991, McGowan et al. 1998). Seasonal patterns of feeding 

responses were expected due to increased productivity in Prince William Sound in April (Goering 

et al. 1973). Feeding behavior of herring during the winter is not well documented (Hay et al.

1988, Rudstam 1988) but is known to be minimal in Prince William Sound (Chapter 5).

157
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Figure 6.6: The num ber o f  prey  taxa from  juven ile  herring d iets co llected  from  M arch 1996 to

M arch  1998 in four Prince W illiam  Sound bays. B lank spaces represent m onths that

w ere not sam pled.
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Feeding during the summer and fall are then critical for energy storage prior to overwintering 

(Quast 1986, Paul et al. 1998, Paul and Paul 1998a, Chapter 5).

Zooplankton availability varies seasonally and annually among and within bays in PWS 

(Chapter 2). Zooplankton species composition and abundance are dependent multiple biological 

and environmental factors. The seasonal variability in zooplankton density encountered in this 

project was typical given the strong seasonal production cycles in PWS. The decline in 

zooplankton density and number of taxa between 1996 and the fall of 1997 was, however, not 

expected. There was also a shift in species composition in the zooplankton community occurring 

particularly in the fall between 1996 and 1997 (Chapter 2). I encountered large densities of 

Paracalanus parvus in all the bays sampled in the fall 1997. This species is not usually 

encountered north of the Queen Charlotte Islands in British Columbia (Giesbrecht 1892 as cited 

in Cameron 1957, Ermakova 1994), suggesting that higher temperatures observed in 1997 were 

responsible for its presence in PWS.

The change in zooplankton community structure observed in the summer of 1997 

coincides with increased temperatures that occurred at the same time (Chapter 2). Temperatures 

were 2 degrees warmer in the fall and winter of 1997 and may have been instrumental in 

indirectly reducing zooplankton density and composition, due to predation and species 

succession. Temperature has been found to affect the availability of zooplankton prey for Bering 

Sea larval herring (Maksimenkov 1982). Although higher temperatures may enhance zooplankton 

production, I speculate that the higher temperatures may have increased the herring demand on its 

prey population due to increased growth. These events combined with factors affecting 

stratification in the water column, such as increased temperatures and freshwater runoff, may 

have limited nutrient input to the euphotic zone in the fall, inhibiting productivity that could



support secondary production. My zooplankton sampling did not continue into the winter of 

1997-1998, to study the effects of the warmer than normal winter in PWS.

The reduced incidence of feeding and fewer prey taxa ingested observed in the juvenile 

herring in 1997 is a response to the lower zooplankton availability. Food composition changed 

from being dominated by Larvaceans and small calanoid copepods in the fall of 1996 to only 

small calanoids in 1997 (Foy and Norcross 1999, Chapter 4). If the densities of prey had been 

higher in 1997, having only small copepods (with higher energy density) to eat may have been 

positive for the condition of herring prior to overwintering. Studies estimating the assimilation 

rates, given in situ prey compositions, found that the smallest juvenile herring are liable to fall 

below basal metabolic demands in a year with temperatures similar to 1996 (Chapter 4). Warmer 

temperatures in the fall of 1997 increased growth rates of juvenile herring (Stokesbury et al.

1999). Consequently, herring predation pressure on the zooplankton community increased and led 

to lower prey concentrations in the fall. Lower feeding occurrence in the fall caused the herring to 

have a lower fall weight at length than in previous years (Stokesbury et al. 1999). Despite this, 

herring were in better energetic condition in the fall of 1997 than in 1996 (Paul and Paul 1998b) 

and consequently, a larger number of smaller fish survived through the winter of 1997-1998 than 

in 1996-1997. The average length and weight of the fish that survived the 1997-1998 winter were 

smaller and lower than in previous years (Stokesbury pers. comm.), providing evidence that the 

smallest fish did not die from starvation during the winter as has been speculated in previous 

years (Paul et al. 1998, Chapter 5).

In conclusion, I have speculated on how lower prey availability affects the feeding 

dynamics of juvenile herring. Evidence suggests that environmental conditions may have 

contributed in affecting the prey resource base for herring in 1997. Consequently, herring growth 

rates increased and the energy density of herring was high by fall 1997. However, I hypothesize
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that a combination of lower feeding in the fall and warm winter temperatures meant that the 

average condition of surviving fish in the spring was lower than previous years. Although no 

direct correlations have been made, I can speculate that lowered spring condition factor in herring 

may have enabled diseases to proliferate in the herring population (Marty et al. 1998, Pearson et 

al. 1999) ultimately leading to another herring crash in 1999 (Alaska Department of Fish and 

Game pers. comm.).
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Summary

• Temperatures in PWS ranged from 4 to 8 °C between March and May and 9 to 15 °C between 

August and October. Summer and fall temperatures in 1997 were 2 to 3 °C higher than in 

1996.

. The zooplankton density in four PWS bays peaked at 1,234 m'3 to 5,594 m' 3 between June 

and July 1996. Zooplankton density was significantly lower in 1997 than 1996. Simpson Bay 

consistently had a higher density of zooplankton, followed by Whale, Eaglek and Zaikof 

Bays.

• Zooplankton density in the upper water column (0 to 30 m) was higher than in the rest of the 

water column and peaked between 1600 h to 2359 h. A decreasing gradient in zooplankton 

density existed from the head to the mouth of each bay.

• Seasonal trends in the PWS zooplankton composition included a succession from small 

calanoid copepods in the summer to a mix of oikopleurans and small calanoids in the fall. 

Winter zooplankton consisted of few gastropod larvae, cyclopoid and small calanoid 

copepods. Early stages of calanoid copepods, adult euphausiids, and barnacle larvae made up 

the majority of the zooplankton community prior to the spring phytoplankton bloom.

• Zooplankton composition varied between 1996 and 1997 with the notable addition of 

Paracalanus parvus, which is not usually found north of the Queen Charlotte Islands in 

British Columbia. Increased temperature in 1997 was negatively correlated to the interannual 

differences in species composition.

• Zooplankton composition varied from the mouth to the head of each bay. Taxa composition 

was different from the surface to 30 m than in the deeper samples at most sites sampled.

CHAPTER 7: Summary and Implications



Differences in zooplankton composition among bays were less significant than the seasonal 

and depth differences with each bay.

The number of zooplankton taxa was highest in May (37 to 43 taxa) and declined to 

minimums between October and February. Simpson Bay consistently had a larger number of 

taxa than any other bay. The number of taxa was significantly lower in 1997 than 1996. 

Juvenile Pacific herring feeding was correlated in timing and degree to the availability of 

zooplankton prey. Feeding was highest in July 1996 (1,192 zooplankton per fish) and 

decreased until winter (December to March), when the number of empty stomachs ranged 

from 70 to 90 %. The low zooplankton density in 1997 was reflected in significantly lower 

abundances of prey in 1997 diets.

Species composition changes in the diets were correlated to increased water temperature and 

fish depth between 1996 and 1997.

Herring were opportunistic feeders, as their diets closely reflected the dominant species 

available in the water column. Exceptions are noted in the winter and spring when large 

copepods, amphipods, invertebrate eggs and euphausiids were selected for.

Prey selectivity was negatively correlated with zooplankton densities among months and was 

higher from 0000 h to 0759 h. Larger fish were more selective than smaller fish, although 

length of fish only accounted for a small portion of variability in selectivity indices.

The number of prey taxa in diets decreased from 7 to 8 taxa in July 1996 to 1 to 3 taxa in 

October 1996. In 1997, the number of prey taxa was lower on average than in 1996, but 

peaked in May with 6 to 8 taxa. Generally, the number of prey taxa in the diets was highest 

from 1600 h to 2359 h.
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• The energy density of age-0 diets was significantly higher in May than any other month. 

Similarities in diet energy densities among bays were attributed to the biomass of available 

prey and particular species with high energy content.

. Diet energy density and prey availability increased in March although temperatures were at 

their minimum in March. Therefore, the duration of winter starvation (October to March) was 

more likely related to the amount of light than the mean temperature of the water column.

• The assimilation rates of Simpson Bay fish were smaller than rates for fish in the other bays.

• Assimilation rates of smaller herring were closer to basal metabolic rates than for larger fish. 

Herring less than 3 g or 75 mm had insufficient energy reserves to survive the winters of 

1995-1996 and 1996-1997 on stored energy alone.

Implications

Juvenile herring were dependent on prey density and consequently reflected patterns of 

zooplankton density and composition in their diets. Juvenile herring migration within bays and 

prey preference, however, accounted for some of the variability between stomach contents and 

zooplankton tow data. Variables such as temperature and salinity acted directly on the 

zooplankton community, which affect prey availability for herring.

The climatological variables that affected PWS provided a study of the effects of 

significant increases in water temperature on the zooplankton community and subsequent 

ramifications to juvenile herring feeding and recruitment success. I have speculated that higher 

juvenile herring growth rates and feeding in the summer and fall of 1997 led to higher condition 

prior to the winter of 1997-1998. Consequently, a larger proportion of small age-0 herring 

survived through the winter. A combination of higher temperature and little food meant that the 

condition of the herring in the spring was low, rendering the fish susceptible to disease. Higher



fish densities may have aided in the proliferation of the disease, ultimately leading to the second 

year class failure.

The bays in PWS provide prey and an area relatively protected from predation for 

juvenile herring. Compared to the fast growing ephemeral competitors of herring, including 

juvenile salmon and pollock that migrate through the nearshore area, herring have evolved to take 

advantage of this very nearshore system. Herring metamorphose after the peak availability of 

large zooplankton. The zooplankton succession to smaller, dense zooplankton assemblages 

provides herring enough food to grow and, for competent fish, to add reserves to survive the 

winter. Mortality of herring due to low energy reserves may be a mechanism to that reduces 

density dependence in nurseries. In this study, the density of prey and of herring was highest in 

Simpson Bay, but the size of fish was smaller than in less populated bays. This has significant 

ramifications for survival in subsequent years as herring recruit to the adult stocks. When herring 

grow large enough to successfully feed on macrozooplankton and small fish with higher energy 

density, they migrate to the adult populations. At this time, their size and schooling behavior 

allows them to compete in the open areas outside of the nursery bays.

Monitoring the zooplankton community, including environmental factors influencing the 

community, should be employed if models are to be developed to forecast the success of herring 

in PWS. The quality and quantity of prey resources in herring nursery habitat in PWS has been 

shown to directly affect the feeding and indirectly affect the recruitment success of juvenile 

herring. Studies should also design better collection procedures, to sample both herring and their 

prey in similar time and space. Possible criticisms of this project’s methodologies lie with large- 

scale comparisons of herring diets and zooplankton density with respect to depth. More accurate 

accounting of the prey availability at particular depths and the subsequent feeding success of 

herring at depth, would examine the effect of a patchy prey resource on herring feeding. This
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finer scale sampling would also provide some information about the schooling dynamics and 

individual success of herring in their nursery areas.

Understanding the overwintering dynamics of juvenile herring with respect to prey 

availability and energy storage is critical for management of herring in PWS. Adding data 

regarding the probability of mortality or recruitment to the adult stock to the existing age models 

currently used by the Alaska Department of Fish and Game will increase the accuracy of these 

models. Knowledge of the physiological needs of herring will also allow predictions of how 

environmental changes will affect the productivity and success of the population.
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