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INTRODUCTION

Crustacean zooplankton are the dominant interme-
diary between primary producers and ecologically and
economically important higher trophic levels. Estimat-
ing the transfer efficiency of planktonic systems there-
fore requires measurements of both primary and sec-
ondary production rates. Although direct estimates of
community-level primary production have long been
available using routine methods (e.g.14C method; Stee-
man-Nielsen 1952), the few direct estimates of sec-
ondary production that exist have been limited to pro-
ductive coastal systems and usually to only a few
species (i.e. as opposed to the entire zooplankton com-
munity). This discrepancy can be attributed largely to
the logistical difficulties associated with measuring the
component parts of a secondary production estimate:
growth rate and community biomass (Huntley & Lopez
1992, Runge & Roff 2000).

Oosterhuis et al. (2000) proposed a novel solution to
this problem based on measuring the rate of produc-
tion of the crustacean moulting enzyme, chitobiase.
Chitobiase is one of 2 chitinolytic enzymes secreted by
the arthropod epidermis into the apolytic space cre-
ated when the old exoskeleton separates from the new
exoskeleton. Chitobiase hydrolyses the dimeric N-
acetyl-glucosamine (NAG) produced by the chitinase-
catalyzed hydrolysis of polymeric NAG (chitin; Roff et
al. 1994). Vrba & Machacek (1994) first demonstrated
that, following ecdysis, chitobiase is liberated into the
surrounding water and its activity varies with individ-
ual body size. Oosterhuis et al. (2000) demonstrated
that the chitobiase activity (CBA) liberated by moult-
ing Temora longicornis copepodites varied directly
with body size and the increment of growth. Using this
relationship and measures of the rate of CBA decay,
they directly estimated the biomass production rate
(BP) of a synchronously developing culture without
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requiring estimates of biomass or growth rate. Re-
cently, Sastri & Dower (2006) reported a common rela-
tionship between CBA and body size for 4 marine
copepod species and developed a simple protocol for
routinely measuring chitobiase. The advantage of the
method is that BP rates can be estimated directly and
rapidly at sea.

Here we present a series of CBA-based production
estimates from the Strait of Georgia (SoG), British
Columbia, Canada, during 2004 and 2005. The SoG is
a highly productive, semi-enclosed, estuarine system
and an important feeding ground for several species of
juvenile salmon and other economically important fish
species (Harrison et al. 1983). The plankton ecology of
the SoG has been reviewed by Harrison et al. (1983)
and R. Pawlowicz et al. (unpubl.). Historically, meso-
zooplankton biomass in the SoG has been dominated
by the large calanoid copepod Neocalanus plumchrus
in the spring and by the euphausiid Euphausia pacifica
during late spring and summer (Harrison et al. 1983).
However, in 2005 the N. plumchrus population in the
SoG collapsed and has yet to recover (J. F. Dower
unpubl. data), and Metridia pacifica has emerged as
the biomass-dominant copepod R. Pawlowicz et al.
(unpubl.).

The present study was carried out in the SoG during
the spring and early summer of 2004 and 2005, the
objective being to investigate the utility and sensitivity
of the chitobiase-method for directly estimating BP.
Here, we consider whether the method can be
extended to directly estimate production rates for the
entire crustacean zooplankton community.

MATERIALS AND METHODS

Physical, chemical, and biological data. Basic
hydrographic data (temperature, salinity, oxygen,
chlorophyll and dissolved nutrients) and phytoplank-
ton taxonomic data were provided by the Strait of
Georgia Ecosystem Monitoring (STRATOGEM) pro-
ject (www.stratogem.ubc.ca). A detailed account of the
STRATOGEM sampling program is provided by
Pawlowicz et al. (2007).

Zooplankton sampling, identification and enumera-
tion. Sampling was carried out during the spring
phytoplankton blooms and early summers of 2004 and
2005 at STRATOGEM Stn S4-1 (49° 15’ N, 123° 45’ W)
in the 400 m deep central basin of the SoG. Mesozoo-
plankton were collected using a Scientific Committee
on Oceanic Research (SCOR) type net (57 cm diameter
mouth, 236 µm mesh) equipped with a TSK flow meter
and towed vertically from 100 m to the surface at 1 m
s–1. Upon retrieval, the contents of the net were pre-
served in 10% buffered formalin. Back in the lab, sam-

ples were split up to 5 times (i.e. 1/32) using a Folsom
splitter. All crustacean zooplankton were identified to
stage. Body lengths (prosome length for copepods)
were measured at 25× magnification using a dissecting
microscope equipped with an ocular micrometer.
Abundances were converted to dry weight equivalents
(mg m–3) using species-specific length– weight rela-
tionships obtained from the marine zooplankton data-
base maintained by the Institute of Ocean Sciences,
Sidney, British Columbia, Canada. A dry weight to car-
bon conversion factor of 0.45 was employed for all taxa
(Paffenhöfer & Harris 1976).

Chitobiase assay. All references to CBA in the pre-
sent study refer to the activity of the crustacean moult-
ing enzyme in <0.2 µm filtered seawater. A full
description of the CBA assay is presented by Sastri &
Dower (2006). Briefly, reactions were initiated with the
addition of the substrate 4-methylumbelliferyl-β-D-
glucosaminide (0.1 mmol MBF-NAG; Sigma) to 0.2 µm
filtered seawater. The reaction was allowed to proceed
for a defined period of time at 25°C (see below) and
terminated by the addition of a 2N NaOH and 0.4 M
EDTA solution. Activity (nmol MBF liberated l–1 h–1)
was estimated as the rate at which fluorescence of the
liberated MBF moiety increased. Fluorescence was
measured using a Turner Designs TD-700 fluorometer
equipped with a long wavelength bulb, 300 to 400 nm
excitation and 410 to 600 nm emission lenses. The
reaction solution was buffered to pH 6.0 (Knotz et al.
2006, Sastri & Dower 2006) using a 0.15 M citrate-
phosphate buffer (McIlvaine 1921). Raw fluorescence
was converted to nmol MBF by calibrating fluores-
cence against known concentrations of 4-methylum-
belliferone (stock dissolved in cellosolve; Sigma).

CBA–biomass relationships. Chitobiase-based esti-
mates of BP assume that the relationship between indi-
vidual body size and CBA can be generalized to all
members of the crustacean zooplankton community.
This assumption was tested by comparing the CBA lib-
erated by individual zoeal stages of the brown box crab
Lopholithodes foraminatus and the mysid Neomysis
sp. to that from the 4 copepod species (Calanus pacifi-
cus, Metridia pacifica, Pseudocalanus spp. and Tigrio-
pus californicus) reported by Sastri & Dower (2006).

Crab larvae were maintained in culture at the Uni-
versity of Victoria at 12 and 16°C and fed live Artemia
salina, ad libitum (see Duguid & Page in press for cul-
ture conditions and species description). Mysids were
gently collected with a dip-net at low tide just off of the
beach at Cadboro Bay, Victoria, British Columbia. For
mysids, all moulting incubations were conducted
within 4 h of collection. Crab larvae and mysids were
carefully rinsed in sterilized seawater (previously
heated to 75°C and 0.2 µm filtered) and incubated in 10
to 50 ml volumes, depending on individual size. Ani-
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mals were incubated in glass tubes or beakers at the
temperature of collection or culture (8 to 16°C) for up to
12 h. After the incubation period, incubations were
inspected visually for the presence of exuviae. When
an exuvium was observed, a 0.1  to 2.0 ml subsample of
seawater was withdrawn and used for CBA assays.
Reaction times varied between 10 and 30 min and cor-
responded to the relative size of incubated individuals.
Animals were passed quickly through distilled water,
placed in pre-weighed aluminium tins and dried at
60°C for 24 h. Dried animals were left at room tem-
perature for an additional 48 h before weighing. 
After accounting for CBA-assay duration, incubation
and subsample volumes, loge-transformed individual
CBA (nmol MBF l–1 h–1) was regressed against loge-
transformed dry weight. The resulting regression
equation was then used to predict the individual CBA
liberated by all crustaceans enumerated in each net
cast. The total predicted CBA (CBAsample) was calcu-
lated as:

CBAsample = Σ(Ni × CBAi) (1)

where Ni represents the abundance (l–1) of individuals
in size class i and CBAi represents the predicted CBA
liberated by an individual in the same size class. Esti-
mates of CBAsample from traditional plankton net tows
(hereafter net-based estimates) were regressed
against the native activity of chitobiase (CBAnat) in the
water column to assess the validity of scaling an indi-
vidual-based relationship up to a community-level
estimate. CBAsample was also estimated without adult
copepods and pre-overwintering (CV Neocalanus
plumchrus, Calanus marshallae and Calanus pacificus)
stages, a quantity which we denote as CBAsample*.

Chitobiase decay rate estimates. Chitobiase-based
BP estimates are based on the rate at which crustacean
zooplankton produce CBA via moulting in the water
column. Like all enzymes, chitobiase is a protein, and
is therefore susceptible to microbial proteases. We
assume that a steady-state exists for zooplankton com-
munities during the 12 h incubation period. CBAnat is
also assumed to be constant over the incubation period
because its rate of production by moulting animals is
balanced by its rate of decay in the water column.
Therefore, the rate of CBA decay in seawater free of
crustaceans is assumed to be equivalent to its rate of
production. CBA decay rates were estimated from
54 µm screened seawater samples (~1.0 l) collected
from 5, 10, 30 and 50 m. Ten ml subsamples were
immediately 0.2 µm filtered to estimate the native in
situ chitobiase activity.

Following processing of seawater subsamples for
CBAnat assays, seawater samples from each depth
were amended with a copepod homogenate (1:1000
v/v). The homogenate was used because the assay

described above is not sensitive enough to discrimi-
nate the decay of CBAnat from background noise. The
homogenate consisted of 20 to 30 medium-sized cope-
podites (~1.0 to 2.0 mm prosome length) homogenized
in 4 ml of seawater using a hand-held tissue grinder.
The crude homogenate was passed through a 0.2 µm
filter before being used to spike the seawater samples.
Seawater samples were then serially subsampled
every 1.5 to 3 h for the next 12 h. At each interval, the
subsamples were passed through a 0.2 µm filter and
maintained in disposable glass test tubes at 4°C until
assayed (within 12 h of the seawater incubation). The
use of glass tubes is recommended as we have recently
found that polycarbonate tends to bind the enzyme in
an irregular fashion. All seawater samples were main-
tained at sea surface temperature (range = 6.5 to
16.5°C depending on sampling date) during the 12 h
incubation.

The depth-specific CBA decay rate (h–1) was calcu-
lated as the slope (k) of the natural logarithm of CBA in
amended samples versus time. During the course of
the present study, differences between incubation
temperature (sea surface temperature) and the tem-
perature at each sampled depth (i.e. 5, 10, 30 and 50 m)
varied by up to 1.75°C during spring, and by as much
as 4.8°C in summer and autumn. A Q10 of 3.15 was
used to correct the measured slopes and thus estimate
ΔCBA at the in situ depth-specific temperature. The
Q10 was calculated as e(10 × b), where b equals the slope
of the natural logarithm of 158 CBA production rate
(–k) estimates against incubation temperature. Esti-
mates of –k used in this analysis represent all depths
and dates used in the present study as well as esti-
mates made at 6 stations off the west coast of Vancou-
ver Island and 6 stations in the open subarctic Pacific
sampled during both the spring and summer of 2005
and late winter of 2008.

Calculation of biomass production rates. In general,
this approach relates the production of CBA in the
water column (by moulting animals) to the rate at
which the standing biomass of developing animals is
increasing. Previous studies (Oosterhuis et al. 2000,
Sastri & Roff 2000, Sastri & Dower 2006) have demon-
strated that CBA varies with individual size and
growth increment. Thus, we estimate biomass produc-
tion as the time (rate of CBA production) it would take
CBAnat (the sum of all individual growth) to be pro-
duced in the water column.

The time (TCBA) taken for moulting crustaceans to
produce CBA equivalent to the activity measured in
the water column (CBAnat) was estimated as the recip-
rocal of the negative slope (1/–k). Note that TCBA is
equivalent to the estimate of average community-level
stage duration calculated by Sastri & Dower (2006) as
CBAnat/ΔCBA. As stated above, we assume that: (1) the
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crustacean zooplankton community is in steady state
for the 12 h incubation period and (2) the rate of pro-
duction of chitobiase is balanced by its rate of decay.
The relationship between CBA and the growth incre-
ment of copepods (log(ginc) = 0.864 log(CBAi) – 1.78;
Sastri & Dower 2006) was applied to the depth-
weighted average CBAnat to estimate the absolute
amount of biomass produced (ΔB). Thus the daily bio-
mass production rate (BP) is calculated as:

BP = ΔB/TCBA (2)

Evaluation of daily production to biomass ratios. In
an effort to compare the relative correspondence
between CBA-based and conventional BP estimates
we calculated and compared estimates of daily pro-

duction to biomass ratios (P:B). Chitobiase-based P:B
was estimated as the ratio of BP estimated directly
from CBA production rate estimates and the total crus-
tacean zooplankton biomass estimated from CBAnat

using the individual CBA-body weight (BW) relation-
ship described below. For comparison, we also esti-
mated P:B by applying individual weight-specific
growth rates relationships for: (1) broadcast spawning
juvenile copepods (Hirst & Bunker 2003: log10g =
–0.0143T – 0.363[log10BW] + 0.135[log10chl a] – 0.392);
(2) sac-spawning juvenile copepods (Hirst & Bunker
2003: log10g = 0.0333T –0.163[log10BW] – 1.528); and
(3) non-copepod crustaceans (Hirst et al. 2003: log10g =
0.0263T – 0.327[log10BW] – 0.919) to individual bio-
mass and abundance estimates from our net casts.

RESULTS

Water column properties

The average temperature (0 to 50 m) at
Stn S4-1 varied seasonally. The highest
average temperature was 12.8°C on 11
August 2004 (Fig. 1). The average tem-
perature over the entire study period was
9.3°C (±0.3) and 8.5°C (±0.12) during
both spring blooms. The degree of water
column stratification (Δσt) was estimated
as the difference between the average σt

for the upper 10 m and the σt at 50 m. The
period of greatest stratification occurred
between June and September 2004. The
strong stratification during this period
(Fig. 2a) was accompanied by high sur-
face water temperatures and an almost
complete exhaustion of nitrate at 5 m
(Fig. 2b). Phosphate and silicate concen-
trations (Fig. 2c,d) were also depleted
during the summer relative to winter lev-
els. The minimum silicate concentrations
at 5 m during the study period were 1.72
and 4.98 µmol l–1 on 8 and 22 March 2005,
respectively. The minimum phosphate
concentration (0.24 µmol l–1) was also
observed on 8 March 2005. Minima of
both silicate and phosphate coincided
with the peak diatom biomass (Fig.1d; rel-
ative to ciliates, dinoflagellates and fla-
gellates).

The degree of stratification during
March 2004 was relatively low. Stratifica-
tion increased in April 2004 but was also
characterized by intermittent mixing. In
contrast, in 2005 water column stratifica-
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tion appears to have been established by early Febru-
ary. Stratification continued to increase until at least
22 March 2005, after which mixing of the nutrient-
depleted surface mixed layer with deeper nutrient rich
waters occurred. The average depth of maximum
chlorophyll fluorescence during the study was 7.3 m
(Fig. 1b; SE = 1.6) and was always between 10 m and
the surface during both spring bloom periods. The
peak chlorophyll a concentration (0 to 10 m depth-
averaged) in the >2.0 µm size fraction during each
spring phytoplankton bloom was 28.37 and 14.36 µg l–1

on 29 March 2004 and 8 March 2005, respectively
(Fig. 1c).

Biomass composition of the crustacean
zooplankton community

The time series of crustacean zooplank-
ton community biomass is presented in
Fig. 3a. Biomass peaked on 29 March 2004
(25.17 mg dry weight [DW] m–3) and
8 March 2005 (26.58 mg DW m–3). The
observed biomass minima, 3.42 and
2.44 mg DW m–3, occurred on 16 January
2004 and 14 January 2005, respectively. In
both years, copepods dominated the peak
and minimum biomass periods. Euphausia
pacifica dominated the biomass of non-
copepod crustacean zooplankton (Fig. 3a).
In 2004, E. pacifica biomass began to
increase in late spring and peaked (5.95 mg
DW m–3) in early June. In 2005, E. pacifica
biomass peaked (3.34 mg DW m–3) in mid-
May. The peak larval decapod biomass was
1.06 and 7.53 mg DW m–3 on 2 March 2004
and 8 March 2005, respectively. Aside from
secondary peaks in early June 2004 and
early April 2005, net-based decapod bio-
mass never exceeded 1 mg DW m–3.
Amphipod biomass was greatest in late
April and early of June 2004 and in June
2005. The ‘other’ category is composed of
cladocerans, isopods, ostracods and barna-
cle larvae. Ostracod biomass was variable,
but generally <2 mg DW m–3 with the
exception of 23 June 2005 (4.05 mg DW
m–3). Isopod biomass was always low
(<0.4 mg DW m–3) with no apparent tempo-
ral pattern. Cladocera (Evadne sp. and
Podon sp.) were only present (<0.1 mg DW
m–3) on 7 June 2004 and 16 May 2005. In
2004, the biomass of barnacle nauplii and
cyprid stages was <1 mg DW m–3; however,
in 2005, the combined biomass of these
stages increased from 1.2 to >5 mg DW m–3

between late February and early May.
Copepod biomass was partitioned into moulting (i.e.

nauplii and copepodites) and non-moulting (i.e. adults
and pre-wintering CVs) fractions (Fig. 3a). The peak bio-
mass of both groups (combined) was observed on
29 March (21.31 mg DW m–3) and 8 March 2004
(15.68 mg DW m–3) and 23 June 2005 (16.34 mg DW
m–3). The peak non-developing biomass was measured
on 7 April 2004 (10.83 mg DW m–3) and 8 March 2005
(11.01 mg DW m–3). By subtraction, the developing bio-
mass was greatest on 29 March 2004 (13.75 mg DW m–3)
and 23 June 2005 (10.92 mg DW m–3). However, the
developing copepod biomass during the spring of 2005
(8 March) was only 4.66 mg DW m–3.
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When examined in more detail (Fig. 3b), we find that
copepod biomass in 2004 was dominated by Neo-
calanus plumchrus (peak biomass = 14.95 mg DW m–3

on 29 March). In 2005, biomass dominance was shared
by Metridia pacifica, Calanus marshallae and C. paci-
ficus (combined peak biomass = 11.29 mg DW m–3 on
8 March). The peak biomass of N. plumchrus in surface
waters during 2005 was 2.03 mg DW m–3 on 22 March.
The estimates in Fig. 3b also include the biomass of
smaller but numerically abundant species from the
‘other’ category, including Acartia longiremis, Centro-
pages abdominalis, Corycaeus anglicus, Euchaeta
elongata, Microcalanus spp., Microsetella spp., On-
caea spp., Oithona spp., Paracalanus parvus, Pseudo-
calanus spp. and Scolecithricella minor.

Chitobiase–biomass relationships

The relationship between individual dry weight and
CBA for copepods, decapod larvae and mysids was
described as: loge(CBA) = 1.55 loge(DW) + 5.60 (r2 =
0.949, p < 0.001). The SE of the estimate was 0.703. A
direct prediction of CBAi using the relationship in
Fig. 4a returns a geometric mean, potentially inflating
estimates of prediction error (see Bird & Prairie 1985).
A relatively severe correction factor (CF) of 1.28 was
calculated as CF = exp(SE2/2)) and applied to all pre-
dicted values below.

When expressed as CBA, the total biomass of the crus-
tacean zooplankton community sampled in the 0 to 100 m
net casts varied significantly with CBAnat, as CBAnat =

152

Fig. 3. (a) Composition of crustacean zooplankton biomass in
the Strait of Georgia during 2004 and 2005 based on 0 to 100 m
SCOR-net tows. Copepod community is partitioned into non-
moulting (NM; all adults and CV Calanus spp., and Neocalanus
plumchrus) and moulting (M) biomass. ‘Others’ is composed of
cladocerans, isopods, ostracods and barnacle larvae. (b) Net-
based pattern of copepod community biomass in the Strait of
Georgia during 2004 and 2005. Each vertical bar has been ex-
panded to accommodate the time between sampling dates. 

M. pacifica: Metridia pacifica; E. bungii: Euphausia bungii
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0.27CBAsample + 2.96 (r2 = 0.44, p = 0.026; Fig. 4b). A
stronger relationship emerged when CBAnat values were
regressed against developing copepod biomass: CBAnat =
0.34CBAsample* + 2.961 (r2= 0.78, p < 0.001; Fig. 4b). A
single outlier was identified with the studentized re-
sidual analysis as having a residual greater than 3. The
CBAnat and corresponding CBAsample and CBAsample* es-
timates (1.16, 6.63 and 5.74, respectively) for 2 March
2004 were eliminated and not included in the regression
analysis above. Note that in this case application of the
CF reduced the value of the slope, but the intercept and
correlation coefficient remain unchanged.

Chitobiase decay and BP

Variation of CBA decay rates in seawater incuba-
tions relative to incubation temperature is described
as: loge(–k) = 0.115(incubation temperature) – 5.54 (r2 =
0.317, p < 0.001, n = 158; Fig. 5), where the relative rate
of production of CBA is expressed as –k. The in situ
temperature dependence of chitobiase production rate
is described by a Q10 of 3.15, calculated as e(10 × 0.115).

The maximum BP in 2004 was 9.97 mg C m–3 d–1 on
11 August 2004 (Fig. 6a, Table 1). During spring 2004,
the maximum BP rate observed was 6.10 mg C m–3 d–1

on 7 April. In 2005, community BP was <3.2 mg C m–3

d–1 from 23 February through 22 March (Fig. 6b,
Table 1). By early April, however, the rate had
rebounded (9.91 mg C m–3 d–1 on 7 April) and gener-
ally remained at this level before declining to 2.97 mg
C m–3 d–1 on 23 June. When all estimates were consid-
ered, there was a significant positive correlation
between BP and temperature (Spearman’s rank corre-

lation, rS = 0.615, p = 0.024). The strength of the corre-
lation increased when BP estimates for just 2004 were
considered (rS = 0.943, p = 0.017). In contrast, there was
no significant correlation between BP and temperature
in 2005. There were no relationships between BP and
either net-based biomass or >2 µm chlorophyll a con-
centration, regardless of whether the years were con-
sidered separately or combined. It should be noted that
Fig. 6b includes a single BP estimate for 17 April 2009
that is not otherwise evaluated in the present study.
We were not able to include this estimate in our analy-
ses because we did not collect a 0 to 100 m zooplank-
ton sample nor were we able to estimate chlorophyll a.

Daily P:B

The relative turnover rate of developing biomass
(P:B) estimated using CBA-derived parameters and a
combination of literature-derived and net-based esti-
mates are presented in Table 1. There was no statisti-
cally significant correlation between these 2 estimates.
The mean CBA-based P:B was 0.2 (±0.098) and the
mean literature-based P:B was 0.11 (±0.033).
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DISCUSSION

Evaluation of chitobiase-based estimates of
production

A single community-based estimate of BP assumes a
common relationship between body size and enzyme
activity. That the 4 copepod species examined by Sas-
tri & Dower (2006) shared a common CBA–body size
relationship is not surprising given their shared body
morphology. However, the results in Fig. 4a suggest
that a single CBA–body size relationship can be ex-
tended to mysids and larval decapods and, presum-
ably, to other planktonic crustaceans. Further work
will be required to confirm that this is indeed the case.

Significant positive relationships between total crus-
tacean zooplankton biomass and CBAnat were found
when our 0 to 100 m net-based biomass estimates were
expressed as Σ(NiCBAi). This is significant, as it
demonstrates that variation of CBAnat is representative
of variation in community-level biomass. Moreover, a
stronger relationship emerged when the non-develop-
ing biomass was excluded (r2 increased from 0.41 to
0.74). In laboratory cultures of Temora longicornis,
CBAnat varied closely with biomass during cohort
development (Oosterhuis et al. 2000). In their Fig. 5,
CBAnat appears to decline as the average developmen-
tal stage and biomass includes a greater proportion of
non-developing adults. Their laboratory study, to-
gether with the present field study, therefore suggests
that variation of CBAnat is best explained by the bio-
mass of moulting animals. The strong correspondence
between CBAnat and biomass in 100 m net casts also
suggests that: (1) the daytime depth of migration at our

station is close to 100; and (2) our assumptions of
steady state and a balance between production and
decay were not violated.

Several factors may explain the absence of a 1:1 rela-
tionship between CBAnat and CBAsample* in the present
study. First, it is possible that our 236 µm mesh net did
not adequately sample the entire crustacean zooplank-
ton community. Second, plankton nets (in general)
consistently underestimate biomass (Stehle et al.
2007), particularly for larger taxa such as euphausiids.
Third, during periods of low food quality and/or quan-
tity, juveniles present in the water column may not be
developing and are therefore not contributing to the
CBA pool (Crain & Miller 2001, Campbell et al. 2001).
A definitive field validation of the correspondence
between CBAnat and biomass will require an accurate
estimate of the developing community biomass, which
in turn will require the use of multiple sampling gears,
ideally during periods of food-saturated development.

Estimating biomass production from CBAnat and chi-
tobiase decay rate estimates takes advantage of the
relationship between individual growth increment and
liberated CBA (Eq. 2). However, scaling individual-
based estimates up to ΔB requires that the slope of the
individual-based relationship be 1. Thus, by predicting
ΔB using the slope (0.86) of the regression presented
by Sastri & Dower (2006), we have slightly underesti-
mated ΔB and thus BP. A correction would require an
accurate estimate of the absolute abundance of all
actively developing individuals. However, since total
crustacean zooplankton biomass varied significantly
with CBAnat, this suggests that the error is at least con-
sistent across the time series and that our estimates are
internally consistent. Oosterhuis et al. (2000) reported
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Date Total biomass Mean-sized Temperature CBA – BP Composite BP Daily P:B Daily P:B
(mo/d/yr) (mg C m–2) individual (°C) (mg C m–2 d–1) (mg C m–2 d–1) (CBA) (composite)

(µg C)

3/2/2004 348.06 29.31 7.81 74.80 21.58 0.12 0.06
3/24/2004 201.26 12.26 8.27 224.54 32.05 0.18 0.16
4/7/2004 418.08 8.16 8.80 305.13 72.77 0.25 0.17
4/28/2004 538.20 23.30 9.06 371.86 68.98 0.25 0.13
6/7/2004 585.22 9.67 10.63 314.17 72.88 0.23 0.12
8/11/2004 344.24 11.19 12.77 498.78 26.46 0.33 0.08
2/23/2005 501.43 22.06 8.01 157.48 39.65 0.11 0.08
3/8/2005 617.76 21.94 8.44 98.48 57.19 0.07 0.09
3/22/2005 383.67 14.40 8.66 88.93 47.33 0.07 0.12
4/7/2005 603.95 25.81 8.76 495.56 62.82 0.30 0.10
5/16/2005 702.43 22.83 9.42 446.75 70.68 0.34 0.10
6/23/2005 668.33 29.31 11.02 148.78 79.46 0.11 0.12

Table 1. Date-specific point measurements and estimates of developing biomass, average individual weight, temperature (0 to
50 m), chitobiase activity (CBA)-based estimates of biomass production rate (BP) and composite BP estimates using weight-
specific growth rates estimated from Hirst & Bunker (2003) and Hirst et al. (2003). Total net-based biomass of crustacean
zooplankton excludes the biomass of non-moulting animals. Numerically weighted mean-sized individual is estimated from
developing biomass collected by nets. Daily production:biomass (P:B) estimates were calculated directly from CBA-based 

parameters, composite production rates and net biomass
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a relationship between growth increment and CBA for
Temora longicornis copepodites that approached 1.
The regression used here does not include mysids or
decapod larvae, as we did not monitor their growth
increments. For copepods, the growth increment was
calculated using length–weight relationships which
may result in an overestimate of growth increment
relative to CBA. Ideally, future considerations of this
relationship should directly measure the increment of
growth relative to individual CBA.

The decay rate of CBA in the water column repre-
sents the turnover rate of CBAnat produced by the
developing crustacean zooplankton. Sastri & Dower
(2006) proposed that this rate is equivalent to the aver-
age moulting rate of the community. In terms of valida-
tion, Sastri & Dower (2006) found good correspondence
between moulting rates estimated using conventional
incubations and the turnover rate of the enzyme (TCBA)
in the water column. Here we find that TCBA generally
varies with temperature-based expectations. As part of
method development, we also estimated a Q10 for CBA
decay rate. This value was used to correct rates for dif-
ferences between incubation temperature and depth-
specific temperatures. Although estimated from in situ
rates, the Q10 for the present study corresponds well
with a Q10 of 3.22 for temperature-dependence of mi-
crobial protease activity (Hollibaugh & Azam 1983) and
Q10 values for copepod development time (Huntley &
Lopez 1992, Kiørboe & Sabatini 1995).

As noted previously, studies against which to com-
pare our direct estimates of production for an entire
crustacean zooplankton community are virtually non-
existent. Harrison et al. (1983) calculated a production
value equivalent to 4.05 mg C m–3 d–1 for the develop-
ing Neocalanus plumchrus population sampled in the
SoG during the spring of 1967 (using growth and bio-
mass data from Parsons et al. 1969). Parsons et al.
(1969) estimated growth via changes in individual
weight and stage distribution in the upper 20 m. Peter-
son et al. (2002) did report production rates from a
copepod community similar to that of the SoG, and
directly estimated a combined (female and juvenile)
production rate of 2.1 mg C m–3 d–1 during summer
upwelling off the Oregon coast. Their estimates of
adult and somatic growth rate were not considered to
be food-limited. By comparison, our BP estimates only
consider juveniles. Typically, our estimates of commu-
nity-level production rates in the SoG are up to about
5 times higher than those of Peterson et al. (2002).
Recently, R. Pawlowicz et al. (unpubl.) used measure-
ments of standing stocks and literature-based rates to
estimate a total SoG crustacean zooplankton commu-
nity production rate (annual average) of 213 mg C m–2

d–1. By comparison, our average, minimum and maxi-
mum depth-integrated chitobiase-based estimates

were 272.50, 74.80 and 498.78 mg C m–2 d–1. Harrison
et al. (1983) estimated a mean daily primary pro-
duction rate of 0.7-0.9 g C m–2 d–1. More recently,
R. Pawlowicz et al. (unpubl.) estimated a greater aver-
age primary production rate in the SoG as 1.2 ± 0.2 g C
m–2 d–1 using data collected at our sampling station
during a period encompassing the present study
(2002–2005). Given our mean BP and the higher mean
PP estimate we calculate an average transfer efficiency
(TE) of 0.23. This TE is greater than what is con-
ventionally assumed for phytoplankton-zooplankton
(<0.1) as well as that estimated using our literature-
based estimate of BP (0.045). Further, our estimates of
TE are also elevated because the CBA-based estimates
of BP are averaged over the most productive periods of
the year (spring and early summer) and compared to
an annual primary production estimate.

On average, the CBA-based estimates of P:B were
~2 times greater than in situ predictions using the liter-
ature-based growth models (Hirst & Bunker 2003, Hirst
et al. 2003). However, we note that the literature-based
estimates are assembled from in situ rates and cannot
estimate food saturated rates. Moreover, most of the
CBA-based point estimates of daily P:B are in good
agreement with the literature-based estimates. The
major discrepancy is attributed to 3 dates: 11 August
2004, 7 April 2005 and 16 May 2005. The CBA-based
P:B estimate on each of these dates is >0.3 relative to
an average in situ estimate of 0.09. In each case, the
biomass of the developing fraction of the copepod
community was high, suggesting that production and
biomass of animals not captured by our 236 µm SCOR
net may not have been accounted for. In all 3 cases, the
biomass of the copepod communities were dominated
by early stage Calanus pacificus and those smaller spe-
cies (i.e. Acartia sp. Pseudocalanus spp., Paracalanus
sp. and Oithona spp.) whose naupliar and early cope-
podites stages were not sampled. The CBA-based esti-
mates, however, are assumed to include production of
smaller animals moulting and growing at greater rates
than the larger animals collected in our net, potentially
accounting for the greater biomass turnover rate.

Interannual variation of zooplankton productivity

Biomass development started ~2 to 3 wk earlier in
2005 than 2004. BP in late February 2005 was higher
than in 2004, reflecting an earlier development of
Metridia pacifica and Calanus pacificus. However, the
most striking difference between years was the virtual
absence of Neocalanus plumchrus in 2005. Late-stage
nauplii and first-stage copepodites arrived in the sur-
face waters during February to mid-March in 2004.
Coupled with rapid growth, this continuous recruit-
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ment accounted for ~70% of copepod and >60% of the
crustacean zooplankton community biomass by early
April 2004. BP rates during this period rose steadily
until the end of April.

In contrast, BP in 2005 was relatively high during the
development of the spring phytoplankton bloom (mid-
to late February) but declined rapidly to <2 mg C m–3

d–1. This coincided with a high proportion of adults rel-
ative to total copepod biomass (70% on 8 March 2005
versus 35% on 29 March 2004). By the end of March
2005, crustacean zooplankton biomass had declined by
59% with virtually no change in the mean Neocalanus
plumchrus developmental stage (~CII). By 7 April
2005, BP had increased to 9.91 mg C m–3 d–1. However,
most of this production is attributed to groups other
than N. plumchrus, as the surface recruitment period
had concluded and the N. plumchrus biomass of in the
surface and deeper waters was very low (El-Sabaawi
et al. 2009a). During the late-spring of 2004, the bio-
mass of euphausiids captured in our net tows was
~42% greater than in mid-May 2005. Recognizing that
our SCOR net tows underestimate euphausiid biomass,
it is still worth noting that this implies a considerable
decline in euphausiid biomass between 2004 and 2005.

Potentially important differences between 2004 and
2005 include: (1) the timing and intensity of surface
stratification; (2) the timing of the spring phytoplank-
ton blooms; (3) the rate of nutrient depletion; and (4)
the relative dominance of diatom biomass (see Figs. 1
& 2). We hypothesize that in 2005, intense stratification
promoted nutrient stress in a diatom-dominated phyto-
plankton community that adversely impacted the pro-
ductivity of consumers. The negative influence of
nutrient-stressed diatoms on zooplankton develop-
ment has been reported from laboratory studies. For
example, Klein Breteler et al. (2005) reared copepods
on diatoms that were variously nutrient-limited and
found a significant negative influence on development
that was correlated with variability of the fatty acid
composition of the diatom diet. Indeed, significant
changes in the fatty acid profiles of individual Neo-
calanus plumchrus indicate a shift in diet quality that
coincided with the period (March 2005) of relatively
low BP rates (El-Sabaawi et al. 2009a).

Also of interest is the marked elevation of BP
observed on 7 April 2005. By this sampling date, the
degree of stratification had declined and surface
nitrate, phosphate and silicate concentrations had
increased from near zero to 22.7, 2.0 and 37.5 µM, re-
spectively. Although diatoms still represented >90% of
the phytoplankton biomass, the beginning of April also
marked an increase in crustacean zooplankton bio-
mass. Phytoplankton biomass in the >2 µm size frac-
tion during March and early April was never less than
6.6 µg l–1. As diatoms comprised >90% of nano- and

microplankton biomass, food limitation can only be
invoked provided that copepods were entirely avoid-
ing diatoms. In the absence of direct estimates of cope-
pod ingestion rates and food quality (i.e. elemental
composition and/or fatty acid profiles), we cannot
definitively attribute variation in BP and the collapse of
Neocalanus plumchrus to the impact of nutrient stress
on a diatom-based diet. However, the δ15N signatures
of N. plumchrus during 2005 classify this copepod as
almost entirely herbivorous (El-Sabaawi et al. 2009b).
It is also possible that conditions in 2005 promoted
other physiological responses of diatoms to nutrient
stress (e.g. toxicity; Ribalet et al. 2007) that negatively
influenced zooplankton productivity.

Several studies have deemed 2005 an anomalous
year in the northeast Pacific, with a late (~50 d) initia-
tion of spring upwelling and anomalously low levels of
primary production (Kosro et al. 2006, Kudela et al.
2006). A historically low hatching success of the plank-
tivorous Cassin’s auklet Ptychoramphus aleuticu on
Triangle Island, British Columbia (Sydeman et al.
2006), represents a notable higher trophic level
response. Furthermore, zooplankton biomass anom-
alies extending from northern California to southern
Vancouver Island (Mackas et al. 2006) suggest that low
mesozooplankton production in the SoG may also have
been related to larger scale atmospheric and oceano-
graphic anomalies.

CONCLUSIONS

The activity of chitobiase produced by individuals
was sufficiently similar across 3 morphologically differ-
ent groups (copepods, decapod larvae and mysids) to
justify description with a single relationship. Applica-
tion of this size-based relationship to the contents of
our net casts demonstrated that the native activity of
chitobiase in the water column covaried with net-
based estimates of biomass.

In general, chitobiase turnover rates varied with
temperature-dependent expectations. Further valida-
tion of this method should include a careful considera-
tion of the relationship between individual CBA and
the increment of growth. This is especially important
for groups (e.g. euphausiids versus copepods) that do
not share the same relationship between body size and
growth increment. The primary advantages of the chi-
tobiase method are that: (1) community-level estimates
of production may be estimated at sea using short-term
(~12 h) incubations of seawater; and (2) direct esti-
mates are not dependent on conventional estimates of
biomass and growth rate. In summary, chitobiase-
based estimates of biomass production varied with
expectations of the seasonal cycle of zooplankton bio-
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mass in the SoG. Given the practical difficulties with
conventional methodology and the global paucity of
secondary production estimates, further development
and application of this method is warranted.
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