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Abstract We investigated physiological traits associated
with a reproductive-resting stage in adult female harpacticoid copepods, Coullana canadensis (Willey). Our
hypothesis was this stage represents a life-history strategy that could increase ®tness by improving winter
survivorship and future reproductive success in spring.
To test if physiological rates are suppressed in this stage,
we compared gut-cell morphology, nitrogen excretion
rates, enzyme activities, and phytoplankton grazing
rates of reproductive-resting and reproductive females
reared in the laboratory under high food conditions.
Copepods came from laboratory cultures originating
from individuals collected in Maine and Maryland, USA
in 1990. Reproductive-resting females had lower physiological rates, and the surface area of gut-cells was
reduced compared to reproductive females. Distinct
morphological dierences in the distribution of lipids
between reproductive and reproductive-resting females
were observed under light and electron microscopy, the
latter having a diuse accumulation of lipid in the area
normally occupied by the ovaries. Dierences in lipid
composition were also found. Reproductive copepods
had a signi®cantly higher ratio (%) of polar lipids to
total lipid, and a lower proportion of triacylglycerols
compared to reproductive-resting copepods. These laboratory ®ndings are consistent with the hypothesis that
the reproductive-resting stage in C. canadensis is an
adaptive response to increase winter survival.
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Introduction
Dormancy is an important life-history strategy which
allows organisms to survive periods of such environmental stresses as low food resources, high predation
pressure, or low oxygen (e.g., Hairston et al. 1983; Hand
1991; Santer and Lampert 1995). Tauber et al. (1986;
also see Hand 1991) point out that dormancy is any
hypometabolic state, including both quiescence and
diapause. The main dierence between the two is that
quiescence is a reversible state directly caused by unfavorable conditions, while diapause is a neurohormonally
mediated state responsive to a number of environmental
cues (e.g., temperature and daylength; Hairston and
Kearns 1995; but see Williams-Howze and Coull 1992)
that usually precede unfavorable conditions. In diapause, the hypometabolic response prevails when favorable environmental conditions for population growth
return prior to appropriate ``emergence'' cues (Tauber
et al. 1986).
We tested the hypothesis that physiological characteristics of the reproductive-resting stage of Coullana
canadensis could increase winter survivorship (Lonsdale
et al. 1993). This estuarine copepod has a broad geographic distribution ranging from Nova Scotia (Willey
1923) to at least South Carolina (Lonsdale et al. 1988) on
the east coast of North America. Previous studies indicated populations can vary in several life-history traits
(e.g. egg and adult body sizes), and the dierences re¯ect
genetic variation among populations (e.g., Lonsdale and
Levinton 1985a, b). Of special interest to the present
study was the previous ®nding that under certain conditions of water temperature and daylength, developing
females switch from progressing to active reproduction
to a reproductive-resting stage, even under high food
conditions (Lonsdale et al. 1993). The latter females
characteristically do not develop oocytes but accumulate
lipid in the oviducts and other body cavities (Fig. 1a to
c). The environmental cues necessary to induce a reproductive-resting stage also vary among populations.
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For example, at 15 °C, >90% of females collected in
Maine became reproductive-resting females on a 14 h
light:10 h dark cycle, while females from Maryland required a 12 h light:12 h dark cycle (Lonsdale et al. 1993).
Interpopulation crosses indicated that the daylength
necessary to trigger the reproductive-resting response
was under genetic control. Variation in daylength period
that triggers the reproductive-resting response likely re¯ects latitudinal dierences in the population growth
season. It is probable that C. canadensis in Maryland
reproduces further into the fall compared to those in
Maine. If reproductive-resting females are a major
source of naupliar recruitment in the spring, as Lonsdale
et al. (1993) speculated, then this stage of C. canadensis
likely represents an overwintering strategy. Under laboratory conditions favorable for population growth, we
investigated whether reproductive-resting females have
lower physiological rates and increased long-term storage reserves compared with reproductive females. Such
physiological changes would likely increase winter survivorship in temperate estuaries.

Materials and methods
Field collection and batch culturing of copepods
Nauplii and copepodites of Coullana canadensis (Willey) were
collected with a 64-lm mesh net at two sites; the Saco River, Maine
(ME population; collected in June/July 1990) and the Patuxent
River, Maryland, USA (MD population; April 1990). Copepods
were sorted under a dissecting microscope and placed in 2-liter
¯asks containing 20-lm-®ltered ambient seawater, enriched with
laboratory-cultured Isochrysis galbana (ISO) and Thalassiosira
pseudonana (3H) at about 2.5 ´ 105 cells ml)1. Copepods were
batch cultured by population at 15& S and 15 °C or 21 °C under a
14 light:10 h dark cycle. Under these conditions, reproductiveresting females develop for the ME population but generally not
for the MD population (Lonsdale et al. 1993). About three times a
week, copepods were fed, and once a month, approximately 50% of
the seawater was replaced with fresh, 20-lm-sieved and autoclaved
seawater at 15& S. At this time, copepods from separate batch
cultures from the same source population were routinely mixed to
minimize genetic heterogeneity among cultures. We classi®ed
copepods as ``reproductive'' if oocytes were present in the oviducts
and as ``reproductive-resting'' if no oocytes were visible and they
showed lipid accumulation in the body under a dissecting microscope (Lonsdale et al. 1993).
Gut-cell structure
Transmission electron microscopy (TEM) was used to investigate
dierences in gut-cell structure between reproductive and reproductive-resting females of Coullana canadensis. Adults were removed from ME batch cultures (15 and 21 °C for reproductiveresting copepods and 21 °C for reproductive copepods) and ®xed in
4% gluteraldehyde in 0.1 M sodium cacodylate containing 0.35 M
sucrose, pH 7.6. After 30 min, EDTA (2% ®nal concentration) was
added as a decalcifying agent. After 1 h, the solution was replaced
with fresh ®xative for 30 min. Following three washes in 0.1 M
cacodylate with 0.44 M sucrose, specimens were post-®xed for 1 h
with 1% osmium tetroxide in 0.1 M cacodylate solution. Copepods
were washed twice in 0.1 M cacodylate solution, dehydrated in a
graded ethanol series, and in®ltrated and imbedded in LX-112

(Ladd) using propylene oxide as an intermediate solvent. Ultrathin
sections (75 to 90 nm) were cut with a Reichert Ultracut E, collected on copper grids, double stained with 0.3% lead citrate and
2% aqueous uranyl acetate, then viewed and photographed with a
Zeiss 10/A transmission electron microscope at an accelerating
voltage of 80 kV.
Observations made with TEM suggested that the gut cells in
reproductive females were larger than in reproductive-resting females. Thus, the height and width of mature, late-stage B-cells,
which are identi®ed by vacuolation, were measured in stained
longitudinal sections of copepods. Serial sections (20 to 95 lm
thick) of resin-embedded copepods were placed on glass slides and
stained with methylene blue (0.13%, w/v) and azure II (0.02%, w/
v) in glycerol (10 ml), methanol (10 ml), phosphate buer (pH 7.0)
(30 ml), and distilled water (50 ml). After 30 min of staining at
65 °C, sections were rinsed with tap water, then counterstained
with basic fuchsin (0.10%, w/v) in 50% ethanol (10 ml) and distilled water (90 ml). After 3 min of counterstaining at room temperature, slides were rinsed in tap water and air dried. Sections
were covered with immersion oil and a coverslip, and sealed with
nail polish. Measurements were made at 1000´ using an ocular
micrometer. Only sections in which the midgut valve (Fig. 1f) was
clearly visible were used and only one section per copepod was
measured. Between four and nine cells were measured in ®ve females of each reproductive state for a total of 76 cells. The external
dimensions of the sectioned copepods were measured at 100´
magni®cation and tested for a relationship with cell size; since one
did not emerge, data were analyzed without adjusting cell dimensions for body size.
Additional specimens were prepared for photography using
light microscopy. Copepods were ®xed in 2.5% Karnovsky's glutaraldehyde/paraformaldehyde ®xative (Karnovsky 1965) at room
temperature for 1.5 h. Copepods were post-®xed in 2% OsO4 for
1 h, dehydrated in an ethanol series followed by two rinses of
propylene oxide, and embedded in Polybed 812 (Polysciences Inc.)
resin. Specimens were sectioned on a Porter-Blum MT-2 ultramicrotome equipped with a diamond knife, stained with Richardson's
methylene blue-azure II stain (Richardson et al. 1960), and photographed with an Olympus B-MAX50 light microscope.
Digestive enzyme activities
For the digestive enzyme studies, we used adult copepods taken
from ME batch cultures (15 °C for reproductive-resting females
and 21 °C for reproductive-resting and reproductive females), and
from MD batch cultures (15 °C for reproductive females and
nonreproductive females) for a total of ®ve copepod experimental
groups. Nonreproductive females from MD batch cultures were
not considered to be in a reproductive-resting stage because they
showed no signs of lipid accumulation when examined under a
dissecting scope.
Laminarinase- and amylase-speci®c activities were assayed on
three replicate samples of 15 to 20 copepods for each of the ®ve
copepod experimental groups following Hassett and Landry
(1982). Samples were homogenized in a ground-glass micro-tissue
grinder with 1 ml of 1 mM Tris-HCl buer, pH 8.1, and centrifuged at 12 000 ´g for 5 min. Thirty-microliter aliquots of the supernantant were incubated in 250 ll of 2 mg ml)1 laminarin or
20 mg ml)1 amylose in pH 5.6 acetate buer for 90 min at 25 °C.
Since amylose is ®rst degraded to maltose by the action of amylase,
and then to glucose by maltase, after termination of the reaction
the amylase samples were treated with a-glucosidase (maltase) for
10 min to insure complete degradation of amylose to glucose.
Glucose released was measured with a direct ¯uorometric assay
utilizing NADPH ¯uorescence (Lowry and Passonneau 1972)
measured on a Turner 110 ¯uorometer. Protein content was assayed using the micro-BCA protein assay (Pierce Chemical), with
enzyme activities expressed on a protein-speci®c basis as micrograms of glucose released per microgram protein in extract per
hour.
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Excretion rate

Data analysis

Copepods taken from ME batch cultures at 21 °C were acclimated
overnight in either ®ltered (0.22 lm) seawater or in ®ltered seawater plus food (Isochrysis galbana at 2.5 ´ 105 cells ml)1). Excretion rates were determined during 3-h incubations following
removal from acclimation conditions, with six replicates for each of
the four treatments. Copepods were sorted into 125-ml ¯asks ®lled
with ®ltered seawater, at a concentration of 15 copepods ¯ask)1,
and an initial 50 ml sample was then decanted from each ¯ask.
Duplicate control ¯asks containing ®ltered seawater plus an innoculum of seawater from which the copepods were sorted (approximately equal to that carried over in the sorting) were also
prepared. A ®nal sample was taken at the end of the 3-h incubation
period and NH
4 assayed by the Solorzano (1969) phenol-hypochlorite method.

Prior to analysis of variance, data were tested for homogeneity of
variances with the Fmax test using the statistical program BIOM-PC
accompanying Sokal and Rohlf (1981). A nonparametric test,
R ´ C test of independence in contingency tables, was used if the
conditions for parametric testing could not be met (Sokal and
Rohlf 1981, BIOM-PC). All ANOVAs were conducted using SAS
software (SAS Institute, Inc., Cary, North Carolina).

Grazing rates
Grazing rates of ME copepods on laboratory-cultured Isochrysis
galbana were compared for females taken from 21 °C batch cultures. Ingestion rates (cells ind)1 h)1) were obtained using the
methods of Lonsdale and Levinton (1989). Brie¯y, sorted copepods
were placed in autoclaved and GF/F-®ltered seawater (AFSW)
(15&S), and then transferred two times to an experimental microalgal suspension (0.5 or 1.0 ´ 105 cells ml)1). The microalgal
suspension was prepared with AFSW and f/20 (Guillard 1975) to
minimize copepod excretion eects on microalgal growth. We used
modi®ed 25-ml Erlenmeyer ¯asks with ground-glass stoppers for
which speci®c volume capacities had been predetermined. Generally, 15 females of known reproductive state were added to each
bottle (n  3 to 6) and an innoculum of seawater from the ®nal
copepod water was added to control bottles (n  2 to 3). The
density of cultured cells and the experimental suspension was determined with a Coulter counter. Grazing experiments were conducted in the dark at 20 to 21 °C for about 24 h. Formulae for
calculation of grazing rates were from Frost (1972).
Lipid content
Coullana canadensis were prepared for lipid class analysis as follows. Copepods were picked from ME batch cultures (15 and 21 °C
for reproductive-resting females and 21 °C for reproductive females), and gently rinsed on 64-lm Nitex mesh with 0.22-lm®ltered seawater. Under a dissecting microscope, copepods were
barely immersed in distilled water on the Nitex mesh, and a ®ne
paint brush was used to transfer 13 to 20 copepods into glass,
screw-capped vials. A mixture of chloroform (CH3Cl) and methanol (MeOH) (at 2:1, v/v) was added immediately. Vials were
capped, replacing air with nitrogen and stored overnight at 0 °C.
Lipids were extracted the next day by standard phase separation
methods (Bligh and Dyer 1959), using mechanical homogenization
with a glass pestle. Neutral lipid classes were separated by thinlayer chromatography (TLC) with a double development procedure (Parrish and Ackman 1985), using a solvent mixture of 1,2
dichloroethane:chloroform:acetic acid at 92:8:0.1 for 35 min each.
This procedure produced good separation of neutral lipid classes
which could be measured using ``TDATASCAN'' software (developed by M. Jackson, 1992, RRS, Inc, Costa Mesa, California).
Lipid classes were identi®ed by comparing retention times to
standards containing the same combination of classes at similar
concentrations (as recommended by Fraser et al. 1985). Standards
were separated by TLC on the same rack as the copepod lipids.
Lipid class separations of four replicates of copepod lipids and two
standards were run on the same TLC rack of Chromarods.
Standards run at a series of lipid weights bracketing expected
experimental weights gave conversion factors for integrated peak
areas to lipids weight. The total lipid weight was determined by
summing integrated peaks obtained of TLC-separated lipid classes
of the copepods as analysed on the Iatroscan TH-10.

Results
Gut-cell structure and gonad morphology
Light microscopy and transmission electron microscopy
revealed striking dierences in morphology between reproductive-resting and reproductive adult females from
ME batch cultures (Fig. 1). Reproductive-resting females had a diuse accumulation of lipid in the area
normally occupied by the ovaries, and to a lesser extent
in other body cavities (Fig. 1a to c). Only early oocytes
(possibly previtellogenic) were evident in the reproductive-resting females (Fig. 1b). In contrast, the ovaries of
reproductive females appeared normal, with smaller
amounts of lipid accumulation in adjacent tissues
(Fig 1d, e). Vacuolated B-cells were present in the guts
of both reproductive-resting and reproductive females,
and food was evident in the guts in both cases (Fig. 1c,
d). However, TEM revealed that pinocytotic activity
along the brush-border membrane of the B-cells was
most apparent in the reproductive females (Fig. 1g).
Pinocytosis was greatly reduced, sometimes undetected,
in the B-cells of reproductive-resting females, although
the B-cells otherwise appeared to be functional, with
large vacuoles containing electron-dense inclusions
(Fig. 1h). TEM observations also indicated that B-cell
development was more extensive in reproductive than
reproductive-resting females. Measurements of cell
height (lm) and planar area (width ´ height, lm2;
Table 1) under light microscopy con®rmed our TEM
observations. Although the mean cell height of reproductive-resting females was not signi®cantly dierent
from reproductive females (Mann±Whitney test,
p  0.095), the mean cell surface area was signi®cantly
less in reproductive-resting females (p  0.012).
Digestive enzyme activities and excretion rate
Digestive enzyme activity (lg glucose released lg)1
protein in extract h)1) of ME copepods (Fig. 2) was
signi®cantly aected by the reproductive status of females (df  1,17; F  11.59, p  0.005), water temperature (F  24.68, p  0.0003) and enzyme being
assayed (F  205.95, p < 0.0001; GLM ANOVA,
Type III Model). Since conditions in the test tube do not
necessarily re¯ect conditions in the gut, we do not
attribute any biological signi®cance to the dierences in
activity between the enzymes assayed. A signi®cant
interaction between enzyme and water temperature on
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Fig. 1 Coullana canadensis. a Light micrograph (175´) of reproductive-resting (RR) copepod showing abundant, dispersed lipid (L)
where ovaries are normally seen (am anterior midgut); b light
micrograph (345´) of RR individual showing remaining ovary (arrow)
and abundant lipid (L). Image is from section dorsal to previous
image, above anterior midgut; c light micrograph (122´) of RR
individual showing presence of B-cells (arrow) and food in gut lumen
(f); d light micrograph (345´) of reproductive individual (RP), again
showing presence of B-cells (arrow) and food in gut lumen (f), as well
as mature oocytes (Oo); e light micrograph (440´) of RP individual
showing normal ovaries (Ov) and small amounts of dispersed lipid (L).
Section corresponds to area of dispersed lipid in 1a; f TEM (4000 ´) of
RP individual showing midgut valve (arrow), used in locating area of
gut for cell height and surface area measurement; g TEM (19 800´) of
RP copepod showing pinocytosis (arrowed) at B-cell surface (mv
microvilli); h TEM (3190´) of RR individual showing B-cells (arrow)
with vacuoles (V) present. No pinocytosis is evident at surface of Bcells
b
Table 1 Coullana canadensis. Mean values of cell height (lm)
(SD) and planar area (lm2) (SD) of gut cells (B-cells) for ®ve
female copepods in a reproductive or reproductive-resting stage
(between 4 and 9 cells were measured for each female), and overall
mean for each reproductive type
Reproductive

Reproductive-resting

Mean cell height (SD)

11.0
7.0
10.2
6.4
8:8
8.7

(2.8)
(1.4)
(3.4)
(2.5)
2:7
(2.0)

5.0
7.0
7.7
4.2
5:9
6.0

Mean planar area (SD)

136.2
147.6
125.9
103.2
148:9
132.4

(31.5)
(77.7)
(71.5)
(79.1)
84:0
(18.8)

51.7
96.8
95.9
49.6
82:7
75.3

(1.9)
(5.3)
(2.7)
(2.6)
4:5
(1.4)
(22.7)
(101.5)
(44.1)
(36.2)
70:9
(23.2)

enzyme activity was also noted (F  7.97, p  0.0153).
In ME females kept at 21 °C, the activity of both amylase and laminarinase was higher in reproductive females compared to reproductive-resting females, and the
latter enzyme showed higher activity compared to the
former. Enzyme activity was higher for ME females
taken from 15 °C batch cultures compared to 21 °C
cultures, which may be due to temperature compensation of enzyme activity, since all assays were performed
at a common temperature of 25 °C.
For MD copepods, in which we compared enzyme
activity of reproductive and nonreproductive females
(not classi®ed as reproductive-resting females; see
``Methods and materials''), there was no signi®cant
dierence due to reproductive condition (Two-way
ANOVA; df  1,11; F  0.04, p  0.8541) but activity was related to the enzyme assayed (F  32.00,
p  0.0005; Fig. 2). We do not have equivalent data on
nonreproductive females in the ME populations, so it
remains possible that individuals in the ME and MD
populations have dierent responses of digestive enzyme
activity to reproductive state. Nonetheless, these results
are consistent with the argument that the reproductiveresting stage is associated with some distinct change in
digestive enzyme activity that is not directly related to
reproductive inactivity per se.
The nitrogen excretion experiments conducted on
ME females (Table 2) also show that dierent metabolic/digestive rates are associated with reproductive
status of Coullana canadensis females. Reproductive females had higher excretion rates (ng N ind)1 h)1) than
reproductive-resting females (two-way ANOVA: df 
1,20; F  4.39, p  0.0492). On the other hand, prior
food conditioning had no eect, nor was there any signi®cant interaction between reproductive status and food
conditioning (F  0.01, p  0.9133 and F  0.00,
p  0.9723, respectively).
Grazing rates
Ingestion rates of Isochrysis galbana (cells copepod)1 h)1) by Coullana canadensis were signi®cantly
aected by reproductive status and cell concentration.
Both reproductive types consumed cells faster at
1.0 ´ 105 cells ml)1 compared to 0.5 ´ 105 cells ml)1
Table 2 Coullana canadensis. Mean nitrogen excretion rates (SD;
ng N ind)1 h)1) of reproductive (RP) and reproductive-resting (RR)
females from Maine reared in batch culture at 21 °C. Females were
either starved or fed Isochrysis galbana for 24 h prior to ammonium
excretion studies

)1

Fig. 2 Mean activity (1 SD; lg glucose released lg protein in
extract h)1) of enzymes amylase and laminarinase in reproductiveresting (RR) and reproductive (RP) females of Coullana canadensis
collected from Maine (ME) and reproductive and nonreproductive
(NR) females collected from Maryland (MD), and reared at 15 or
21 °C

Reproductive
status

Food treatment

Nitrogen
excretion rate

RP
RP
RR
RR

starved
fed
starved
fed

20.7
20.9
13.1
13.6

(9.1)
(10.3)
(5.2)
(9.3)
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Table 3 Coullana canadensis. Mean ingestion rate (SD; cells
copepod)1 h)1) of females from Maine batch cultures in the
reproductive (RP) or reproductive-resting (RR) condition fed
Isochrysis galbana at two concentrations (0.5 and 1.0 ´ 105
cells ml)1) at 20 °C
Reproductive
status

Food
treatment

Ingestion
rate

RP
RP
RR
RR

0.5
1.0
0.5
1.0

138
2115
451
1407

(311)
(628)
(274)
(219)

(Table 3; two-way ANOVA: df  1,15; F  54.81,
p < 0.0001). Reproductive females had higher ingestion
rates compared to reproductive-resting copepods
(F  6.31, p  0.027), but this dierence occurred only
at the higher food concentration. (A food-to-reproductive state interaction, however, was not signi®cant;
F  0.51, p  0.488).

Lipid content
Nonparametric analysis indicated we must reject the null
hypothesis that the mean contributions of the ®ve lipid
classes to total lipid content (Table 4) were independent
of the reproductive status of Coullana canadensis (R ´ C
test of independence in contingency tables; df  4;
G  33.8034, p < 0.001). In reproductive females, the
percentage of total lipid present in polar lipid was signi®cantly higher, and that in triacylglycerols was signi®cantly lower than in reproductive-resting females.
The contributions of fatty acids and sterols were similar.
Although the percentage of total lipids found in wax
esters was higher in reproductive-resting females compared to reproductive females (53.4% versus 37.6%), the
dierence was not signi®cant. However, total weight of
wax esters per individual (Fig. 3) was signi®cantly higher
in the former (t-test; df  13; t  3.645, p < 0.01).
The total lipid weight was higher in reproductive-resting
females (5.51 lg ind)1 versus 4.37 lg ind)1), but the
dierence was not signi®cant (df  13; t  1.145,
p > 0.2).
Table 4 Coullana canadensis. Mean contribution (%) (SD) of
®ve lipid classes to total lipid weight in reproductive (RP) and
reproductive-resting (RR) females from Maine batch cultures
maintained at 21 °C (RR, RP) and 15 °C (RR)
Lipid class

Contribution
RP

Wax esters
Triacylglycerols
Fatty acids
Sterols
Polar lipids

37.6
0.0
2.0
4.3
56.2

RR
(14.4)
(0.0)
(3.8)
(12.2)
(22.3)

53.4
14.2
2.0
4.4
26.0

(2.9)
(3.1)
(3.5)
(2.7)
(2.7)

Fig. 3 Coullana canadensis. Mean weight (SD; lg ind)1) of ®ve
lipid classes (WE wax esters; TG triacylglycerides; FA fatty acids; ST
sterols; PL polar lipids) and total lipid weight of reproductive-resting
and reproductive females from Maine batch cultures

Discussion and conclusions
Our study shows dierences in physiological traits between reproductive states of Coullana canadensis. Furthermore, these dierences are consistent with the
hypothesis that reproductive-resting is an adaptation to
increase overwintering success in temperate environments. The potential adaptations to survive poor environmental conditions for growth found in this copepod
include increased energy stores (triacylglycerols and wax
esters) and a lower nitrogen excretion rate. The latter
suggests relatively less dependence on protein catabolism and/or overall lowered metabolic activity. The
lower feeding capacity of copepods in the reproductiveresting stage is re¯ected in lower ingestion rates, reduced
digestive enzyme activities, decreased gut surface area,
and lower pinocytotic activity despite high levels of
food. Such a response may be ``prewired'', i.e. it is an
eective adaptation to low food conditions that are
likely to occur by late fall and winter in the environments where C. canadensis are found. A similar phenomenon has been reported by Krylov et al. (1996)
among three species of freshwater cyclopoid copepods
during summer diapause, in which a number of rate
processes (ingestion, digestive protease activity, and
oxygen consumption) are reduced and lipid droplets
accumulate, resulting in arrested growth and development, but without a total cessation of activity. We
cannot, however, de®nitively exclude the possibility that
some of these traits in C. canadensis are due to dierences in oocyte production rates between reproductive
conditions. Reproduction is a metabolically expensive
undertaking in copepods (e.g., as found for Acartia
tonsa; Kiùrboe et al. 1985), and its in¯uence could
explain some of our results. We believe, however, that
taken together, our present physiological studies and
prior knowledge about the cues that induce the reproductive-resting stage (Lonsdale et al. 1993) strongly
suggest that it represents a diapause condition.
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Light and its interaction with temperature play a
critical role in directing the reproductive strategy of
Coullana canadensis females (Lonsdale et al. 1993). For
example, a 2-h reduction in daylight period, from 14 to
12 h, resulted in a dramatic switch in the reproductive
strategy of MD copepods reared at 15 °C; the percentage of females in the reproductive-resting stage increased
from 3 to 100%. These prior experiments also showed
food level is not a factor determining the reproductive
state of females, because both reproductive types developed at phytoplankton concentrations at or above
the critical concentration for growth in this species
(2.5 ´ 105 cells ml)1; Lonsdale and Levinton 1985b).
These earlier ®ndings established reproductive-resting in
C. canadensis is not a quiescent stage directly caused by
unfavorable conditions (i.e., as in water temperature and
food availability). Rather, they point to a diapausal
strategy.
The compositional dierences in lipid classes between
Coullana canadensis reproductive types show a clear
shift in storage consistent with other studies on lifehistory variation in copepods. Reproductive females had
a higher percentage of lipids in the phospholipid fraction, which may be interpreted as a relatively greater
amount of membrane lipid due to the presence of developing ooyctes (e.g., as found in oocyte lipids of Neocalanus tonsus; Ohman et al. 1989). While a dierence
in phospholipid fraction alone does not support the
overwintering hypothesis, the greater accumulation of
triacylglycerols and wax esters found in reproductiveresting C. canadensis in this study, is a characteristic
common to many oceanic copepods entering diapause.
This accumulation is a biochemical adaptation to meet
the long-term energy demand of copepods when not
actively feeding (e.g., winter Stage V copepods, CV of
N. tonsus; Ohman 1987), and/or during predictable periods of low food availability (e.g., CVs and adults of
Calanoides acutus; Hagen et al. 1993). Some overwintering copepods store mostly triacylglycerols for overwintering (e.g. Calanus propinquus; Hagen et al. 1993),
and the presence or absence of this lipid class distinguished the C. canadensis groups in the present study.
The presence of triacylglycerols in the reproductiveresting females, which lack mature oocytes, suggests that
copepods in this state store lipids both as wax esters and
triacylglycerols. The speci®c function of triacylglycerols
in reproductive-resting copepods could be for short-term
storage, as found in other copepods (Hakanson 1984).
Dierences in the physiological rates between Coullana canadensis reproductive types are less than those
found in some oceanic copepods that enter diapause
(reviewed by Landry and Hassett 1985). Some diapausing copepods have shown a complete absence of
feeding activity even in the presence of food (e.g., Calanoides acutus and Rhincalanus gigas; Metz and
Schnack-Schiel 1995). C. canadensis, on the other hand,
clearly feed while in the reproductive-resting stage, albeit
less than reproductive females at a relatively high food
concentration. Some calanoid copepods that overwinter

may also depend on feeding to supplement lipid reserves.
For instance, Marshall and Orr (1958) concluded that
while oxygen consumption of Calanus ®nmarchicus was
low during winter, feeding was still necessary to meet
metabolic demands. Hirche (1983) found metabolic rates
suciently low and lipid reserves suciently high to
allow successful overwintering without feeding by
C. ®nmarchicus in one Norwegian fjord, although not in
a second fjord (based on predicted rates of lipid utilization). The high-latitude species Pseudocalanus acuspes
accumulates wax esters and feeds while overwintering
(Norrbin et al. 1990). These ®ndings show that feeding
activity, or lack thereof, in overwintering copepods is
not a simple phenomenon. Landry and Hassett (1985)
point out that in Calanus spp., temperate copepods may
be more likely to be partially dependent on feeding to
augment their energy stores compared to high-latitude
individuals (Butler et al. 1970; Hirche 1983; cited by
Landry and Hassett 1985).
Food consumption by reproductive-resting Coullana
canadensis may partly explain why the reduction in nitrogen excretion rates compared to reproductive females
was not as great as that found for other diapausal or
starving zooplankton. Nitrogen excretion rates of Calanus plumchrus were at least ten times lower for diapausing individuals (Cowen 1982), but only about onethird lower for reproductive-resting C. canadensis. On
the other hand, Mayzaud (1976) showed the relative
dependence on lipid and protein substrates for meeting
metabolic demand during starvation varies among zooplankton species. The chaetognath Sagitta elegans and
the calanoid copepod Acartia clausi were primarily dependent on protein catabolism during starvation while
Calanus ®nmarchicus alternated between lipid catabolism and protein catabolism. The present study suggests
reproductive-resting C. canadensis may utilize protein.
Whether this protein is obtained from ingested food or
from body stores cannot be ascertained at this time. Our
short-term (24 h) experiment suggests both reproductive
and reproductive-resting females utilized body protein
during this time because there was no dierence in nitrogen excretion rates between food treatments (starved
or fed) for either condition.
The dierences in gut cell area and enzyme activities
between the reproductive states of Coullana canadensis
from Maine are consistent with seasonal variation found
in other copepods that enter diapause. In both Calanus
®nmarchicus and C. helgolandicus that overwinter as
CVs, lower activities of the digestive enzymes amylase
and trypsin and reduced surface area of B-cells were
evident in CVs compared to adult females (Table 1 in
Hallberg and Hirche 1980; also see Hirche 1983). In
August, for example, the activity of amylase was 83%
less in the overwintering CVs compared to adult females,
and the surface area of B-cells was reduced by 84%
(Hallberg and Hirche 1980). For C. canadensis, the reduction in digestive enzyme activity in the reproductiveresting state was not as great. At 21 °C, amylase and
laminarinase activities were reduced 18 and 24%,
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respectively. The same trend in gut-cell surface area was
found between reproductive types in C. canadensis although again not as dramatically as in Calanus spp.
stages. The mean decrease in cell surface area was 43%
for C. canadensis. The more modest reductions in these
traits in C. canadensis ®t well with the observations that
reproductive-resting females are still capable of processing food. Diapausing Calanus hyperboreus require a
1- to 2-week period to induce digestive enzyme activity
(Head and Conover 1983), which may in part re¯ect the
time needed to redevelop the gut epithelium. Thus, the
physiological status of reproductive-resting females of
C. canadensis likely allows a quicker response to a return
of favorable conditions for population growth. The
similarity in trends between our ®ndings and these other
studies supports our hypothesis that diapause occurs in
C. canadensis. In addition, in the one experiment that
tested speci®cally for physiological dierences among
reproductive, nonreproductive (not reproductive-resting) and reproductive-resting females, variation in egg
production rate could not explain dierences in mean
activity of either amylase or laminarinase (Fig. 2). Enzyme activities were similar between reproductive and
nonreproductive females from Maryland while reproductive-resting copepods had signi®cantly lower rates.
We conclude that the reproductive-resting stage represents a strategy for overwintering in Coullana canadensis. The physiological responses in this species,
however, are somewhat dierent from other oceanic,
high-latitude copepods in diapause in that the physiological dierences between reproductive and reproductive-resting states were less marked. Continued feeding
activity in reproductive-resting C. canadensis females
also constitutes a departure from ``classical'' diapause
traits, but is consistent with recent conclusions that there
are various degrees of hypometabolic activity in diapausing copepods (Alekseev and Fryer 1996). Thus, we
believe that reproductive-resting in C. canadensis represents an adaptive, overwintering strategy induced by
neurohormones, not a reversible, quiescent stage (Tauber et al. 1986). A state of ``active'' diapause (sensu Nñss
et al. 1993) best describes the overwintering strategy of
C. canadensis.
Reproductive-resting has been documented in laboratory-reared Coullana canadensis taken from Maine,
New York, and Maryland (Lonsdale et al. 1993). Lipid
accumulation was found in ®eld populations of the
southern sibling species Coullana sp. in Louisiana
(Carman et al. 1991; Huys 1993), and thus there could be
a larger latitudinal range for this trait, although the
seasonal timing of development and duration of this
stage should vary depending on when environmental
conditions are suitable for population growth.
The relative importance of maternal and environmental energy sources in fueling early spring recruitment
of Coullana canadensis remains unknown. Development
of gonads and production of oocytes is an energetically
expensive process. Gatten et al. (1980) concluded that
half of the lipid reserves in Calanus helgolandicus CVs

remaining at the end of diapause were lost before the
matured adult females were ready to spawn, and suggested development of ovaries and increased metabolic
demands could be responsible for this decline. Similarly,
Tande (1982) reported C. ®nmarchicus underwent a
drastic decline in body weight towards the end of diapause, coincident with the dierentiation and maturation of the gonads. Field studies of the frequency of
reproductive-resting individuals, their lipid content, and
the timing of planktonic naupliar recruitment for
C. canadensis will be important in evaluating the signi®cance of this adaptation to the population dynamics
of this abundant estuarine species.
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