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" ABSTRACT

In order to assess the secondary production
potential of the amphipod Gammarus mucronatus its life
history was examined with laboratory experimentation and
field sampling in two warm temperate estuarine habitats in
the York River, Virginia. A seagrass (Zostera marina) bed
and a macroalgae (Ulva spp., Enteromorpha spp.) fouling
community on old pier pilings.

Variations in amphipod abundance between the
habitats were not similar. G. mucronatus was present in
the seagrass habitat during_gost of the year attaining
maximum densities of 1200'm * in the spring. Presence of
G. mucronatus in the macroalgae habitat was almost totally
restricted to late spring ang early summer, but maximum
densities as hizh as 6800'm *~ occurred.

Estimates from field and laboratory evidence suggest
that G. mucronatus produced 6-9 generations over a one
year period. Rapid turnover resulted from increased
spring and summer growth rates and maturation at smaller
sizes during these months. Reduction in size of summer
adults is hypothesized to be a co-evolutionary response to
predation by which the amphipod population can increase
its intrimsic rate of growth (r).

Production calculations were made using four
different approaches. The size~frequency method was
calculated for 26 fortnightly sample dates, two alternate
subsets of the data set (13 sample dates each), and
separate calculations for the sexes. The fourth approach
utilized a modified instantaneous growth (IGR) equationm.
The IGR method produced results that were wore than 25%
greater than the size-frequency estimates which all agreed
fairly well. Monthly sampling is sufficient to
characterize the population for production estimates, but
because of rapid spring and summer growth it is incapable
of detecting voltinism,

Production in the algal habitat was 10;2 g'glz'yr
with a P/B of 60.8, greater than the 5.0 g'm “‘yr
production and 40.0 P/B of the seagrass habitat. The
higher algal values are the result of the greater maximum
abundance of this habitat coinciding with rapid spring and
summer growth.

Of three different predictive models tested, one
proposed by Robertson (1979) provides the best agreement
with the P/B estimates calculated from empirical data.

xi
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Introduction

Primary production, or the synthesis of energy into
biological matter, is most commonly associated with the
process of photosynthesis. Any autotrophic organism, be
it chemoautotrophic bacteria or an ocak tree can be
properly classified as a primary producer. Thoﬁe
organisms which directly or indirectly through a food web
rely on primary producers for their energy are secondary
producers. Secondary production is measured as the
accumulation of biomass by a heterotrophic organism or
group of heterotrophic organisms. A simpler term for

expressing this process is growth,

Initially, interest in secondary production
estimation of aquatic organisms centered around co&mercial
and sport fish species. In order to manage such fisheries
there was a need to know how fast fish grew and
replenished their stock. Interest in secondary production
estimation of invertebrate organisms is based on a need to
determine the potential food resource value of a stream,
lake or other aquatic habitat to fish species (Waters

1977).



Adequate methods for the measurement of fish
production had been developed by the 1940”5 (Allen 1949,
Ricker 1946). Most commercially important fish_have
limited breeding seasons and live for several years.

Thus, a distinct cohort is produced every year that can be
measured or aged to distinguish it from other year
classes. On the other hand, many invertebrates have
extended breeding seasons and Qhort life spans. Often
cohorts can not be distinguished and growth ratés are
unknown. Adequate calculation methods for secondary
production estimation of such populations were not
developed until the 1960°s8 (Hynes and Coleman 1968,
Hamilton 1969). Thus, production of aquatic invertebrates
has only been studied for the brief period of a decade

(Waters 1977, Warwick 1980).

Production estimates of entire aquatic invertebrate
communities are relatively scarce in comparisomn to even
the meager number of single species studies (Waters 1977)
and the majority of these community studies have been in
fresh water systems or cold temperate latitudes. In one
of the only warm temperate studies, Diaz and Fredette
(1982) estimated one of the highest productions per unit
area recorded for marine invertebrates. In this study
they examined three decapod species, three isopod species,
two mollusc species and one species of amphipod with

monthly sampling intervals in a Chesapeake Bay seagrass



bed. They concluded that this sample frequency was
insufficient for tracking cohorts within the isopod and
amphipod populations because Af rapid growth between
sample dates. Without adequate knowledge of the growth
rate and voltinism (generation time) of an organism,
secondary production cén not be estimated with confidence

(Waters 1979).

The present study was designed to (1) investigate the
life history of the amphipod studied by Diaz and Fredette
(1982), Gamma{us mucronatus and (2) use the life history
information as a tool in estimating the secondary
production of the species. The details of this study are
.presented in the two chapters that comprise this text.

The first paper involves the life history aspects of

G. mucropnatus; growth, voltinism, reproduction and
abundance, the second paper is a report on the secondary
production of this species and the effects of different

methods of production estimation.
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Abstract

The life history of the amphipod Gammarus mucronatus

was examined in two warm temperate estuarine habitats, a
seagrass (Zostera maripna) bed and the macroalgae region

(Ulva spp., Enteromorpha spp.) of a fouling community.

Amphipod populations were present in the seagrass habitat

during most of the entire year ranging from <50'm-2 in

2

late summer to 1200°m “ in June, while the algal habitat

was utilized only from late winter to early summer, but
with maximum abundances as high as 6800'm_2. Based on
laboratory growth experiments, observatioms on field
growth rates and recognition of cohorts from
size-frequency distributions it is estimated that

G, mucronatus is capable of producing approximately 6-9
cohorts per year. Rapid spring and summer growth is
accompanied by maturation at smaller size and reduction in

brood size, egg size and development time.



Introduction

Gammarus mucronstus is an endemic shallow water
amphipod of the estuaries and coasts of the North American
Atlantic seaboard and the Gulf of Mexico (Bousfield 1969,
Dickinson et al. 1980). This relatively small (Steele and
Steele 1975) eurytopic Gammarus occurs in diverse habitats
such as seagrass beds (Marsh 1973, Nelson 1980a), sponges
(Biernbaum 1981), Spartina marshes, soft bottoms with
shell or cobble (van Maren 1978), oyster bars and open
beaches (Watling and Maurer 1972). Salinity tolerance

ranges from 4-35Z. (Bousfield 1973).

Gammarug mucronatus has a generalized diet including
macroalgae, micrbalg#e, detritus and possibly some
macrofauna (Zimme:man et al. 1979). 1In seagrass beds,
this amphipod may function as both a link in the
decomposition process, reducing the particle size of
detritus by shredding with mouth appendages, and as a
grazer of seagrass epiphytes (Howard 1982). G. mucronatus
is probably important as a prey item for both juvenile and
adult fish and large decapod crustaceans (Nelson 1979,
1981, Young et al., 1976, Van Dolah 1978).

8
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Unlike its congener G. palustris, whose life history
characteristics are well known (Gable and Croker 1977,
Rees 1975, Van Dolah et al. 1975), the life histoxry of G.
mucronatus has not been closely examined. Borowéky (1980)
examined fecundity, brood size and embryonic period and
Van Dolah and Bird (1980) studied egg and brood size.
Steele and Steele (1975, and references therein) examined
the life history of several Gammarug species but provided
little data on G. mucronatus. However, they do suggest
that two or more generations per year may coccur south of

their Newfoundland study location.

General lack of life history information for G.
mucronatus was noted by Diaz and Fredette (1982) in a
study of secondary production of macrobenthic
invertebrates. They examined size-~frequency histograms
based on monthly samples in a Chesapeake Bay seagrass bed
and were unable to distinguish cohorts. They concluded
that rapid growth may have precluded tracking cohorts by
using only a monthly sampling interval. Therefore, the
present study was designed to examine more closely the

life cycle, abundance and growth rate of G. mucronatus

through laboratory experimentation and intensive field
sampling. This data will then be used to more precisely
calculste secondary production estimates for this

organism,
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This paper presents the life history aspects of G.
mucronatus, a second paper (Fredette 1983) examines the
secondaty production of this species. Among the life
history factors examined here that are important for the
estimation of secondary production are growth rate,
size-class strﬁcture, number of generations, abundance and
the variability of these in different habitats (Martien

and Benke 1977, Waters 1977,1979).



Materials and Methods
Study Sites

Two different habitat tfpes were chosen for the
examination of the population dynamics of G, mucromnatus
(Figure 1), a seagrass (Zostera marina) bed in the
vicinity of Jenkins” Neck and a hard substrate habitat
covered primarily by macroalgae and located on old pier
pilings at the Virginia Institute of Marime Science,
Gloucester Point, Virginia. These two habitats were
chosen for study because (1) from prior investigation
amphipod abundances were expected to be high and (2) it
would provide an opportunity to compare differences in
population charactéristics and secondary production of two
spatially proximate habitats over the same time period.
Both study sites are located in the lower York River, a

subestuary of the Chesapeake Bay.

The lower York is genérally upper-mesohaline - poly-
haline, with a seasonally fluctuating salinity range.
Salinity and temperature fluctuations at the two sites
exhibited similar trends (Figure 2) with both parameters

tending to be somewhat higher at the seagrass bed owing to

11



Figure 1. Sampling locations in the lower York River,

Virginia.
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Figure 2. Temperature (a) and salinity (b) records during

the study period. &4 Zostera marina site, D algal site.
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14
its shallower, lower estuary location. Temperature ranged
from -1.0° ¢ to 33° ¢ and salinity varied leés than 15%,
for the year with the lowest values occurring during the
spring and summer months. Salinity range was 10 to 24%,at

the seagrass bed and 15 to 24%.,at the slgal habitat.

The seagrass bed is part of ohe of the largest
tracts of submerged aquatic vegetation in the lower
Chesapeake Bay extending from Allen”s Island down estuary
to Guinea Marsh (Orth et al. 1979). Algae occurring at
the pier site have been previously described by Wulff and
Webb (1969). Sampling of the algal site was restricted to
those areas dominated by the green algae Ulva spp. and

Enteromorpha spp.

Field Program

To assess population dynamics and seasonal field
growth rates a fortnightly (every 14 days) schedule of
field sampling was established from December 1981 to
November 1982. 1It was expected that fortnightly sampling
would be sufficient to track cohorts in the winter, but a
shorter time scale would be needed in the spring and
summer if warmer temperatures led to faster growth. To

examine this possibility I decided to sample more
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intensively (every four or five days) in two months, March

and May.

Sampling was done at low tide, facilitating access
to both sites. Ten 0.0165 m2 replicate samples were taken
randomly from each habitat. Seagrass samples were
obtained with an acrylic corer gently placed over the
seagrass and pushed through the rhizome and root layer.
The corer was designed to feduce escape of organiéms.
After removal from the bottom, samples were placed into a
bucket and thoroughly rinsed. All of the seagrass blades
were then removed from the sediment core and placed with
the bucket contents into a 0.25 mm mesh bﬁg (based onr the
size of newly hatched juveniles this mesh should retain
all individuals). Samples were transferred to glass jars
in the laboratory and preserved in 10Z buffered, Rose

Bengal stained formalin.

Samples of the algal community were taken with a
specially designed piling scraper. The device was made by
cutting a crescent of the same curvature of an average
piling in the end of a 0.0165 m2 acrylic tube. This edge
was then gasketed with a 3 cm wide strip of neopremne. A
0.25 mm mesh bag wiLh an internally enclosed scraper was
attached to the other end of the tube. Sampling was
accomplished by pushing the sampler against a piling over

the Ulva and Enteromorpha (the gasket sealing most
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irregularities of the piling and barnacles). The algae
was then scraped off the piling surface and the entire
sample contained by quickly sweeping upward to the water :

surface. Samples were preserved as above.
Laboratory Sample Processing and Data Analysis

Amphipods were sorted from the samples with the aid
of a dissecting microscope, enumerated, measured with an
ocular micrometer to the nearest 0.l mm and their sex
determined. Individuals were measured from the tip of the
rostrum to the posterior edge of thg third ﬁereonal
segment (LH3). In addition, approximately 75 amphipods
were measured for head length (LH) and total length (LT)
to provide conversion to these commonly used measures.

Head length and total length are stromngly correlate&
to the measure of head plus the first three segments and

result in the equations
L (mm) = 3.74 L_.(mm) - 0.42  (x? = 0.98, n = 72)
T H3

and

Ly(mn) = 0.29 Ly, (am) + 0,11 (2 = 0.94, n = 78) .
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All lengths reported in this paper (including those of

other authors) will be the L_, measure. However, total

H3

length is appfoximately 3.3 times greater.

Males were identified by.thé presence of penial
papillae, females by the presence of broods or oostegites.
Maturity of non-brooding females was determined by
presence of setae on the oostegites. To determine if the
sex ratio varied from 1:1, the null hypothesis (p=k=0.5)
was tested against the binomial distribution. Juveniles
were defined as all individuals smaller than 1,0 mm
(rostrum to rear border of third segment) plus a few
slightly larger individdals on which sex could not be
determined. Juvenile amphipods are released from the

brood pouch at approximately 0.5 mm.

Field growth rates were determined by tracking
recognizable cohorts with size—-frequency distributions
(0.5 mm length classes) from successive sample dates.
Replicate size-frequency distributions (within habitats,
by date) were tested for homogeneity of population
structure with the G test (Sokal and Rohlf 1981).
Successive sample dates within habitats and between
habitat comparisons were also examined for homogeneity.
Mean size of males, females and total populatiomns were

tested for differences between the two habitats on each

sample date using t-tests (Nie et al. 1975).
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Stoner (1980a) has shown that abundance of many
macroinvertebrates in seagrass beds is related to
macrophyte density and not simply bottom area. To adjust
for this potential bias, seagrass and algae were separated
from the sampies, dried in an oven at 60° C and weighed to
determine biomass. A moving average was then applied to
these values to bétter estimate mean standing stock of the
macrophytes. These values were then used to determine

areal estimates of amphipod abundance.
Laboratory Program

Growth rates of G. muéronatga were examined under
controlled laboratory conditions to assess the effects of
temperature and for comparisomn to field estimates. In
March 1982 geveral dozen adult G. mucronatus were
collected at the seagrass bed and brought alive to the
laboratory. Several ovigerous females were isolated and
their broods allowed to hatch. After release from the
brood pouch, juveniles were randomly assigned to one of
three compartmented trays. Tray compartments were filled
with approximately 50 ml ambient salinity seawater and
each contained one amphipod. Each tray was then placed
into an incubator set at 5, 14 or 23° ¢ with a 12 hour
light and dark cycle. These temperatures were chosen as
representative of those G. mucronatus would experience in

the field. Amphipod food supply consisted of algae and



19
fresh and detrital seagrass. For this and all laboratory
experiments water was changed and ffesh food added every 3
or & days. Over time amphipods were randomly chosen for

preservation and measurement.

The effects of food type and habitat of origin on
amphipod growth were tested. Four treatments were
established; seagrass amphipods - detrital seagrass food,
seagrass amphipods - algae food, algal amphipods -
detrital seagrass food, and aigal amphipods - algae food.
Ovigerous amphipods were obtained from each habitat and
newly released juveniles were randomly assigned to each of
the two food types, with 10-14 juveniles placed into 16
500 ml culture bowls (4 bowls each treatment). After 21
days six amphipods were chosen randomly from each bowl and
preserved for later measurement. It was determined from
the previous growth experiment that this design would be
sufficient to detect a 157 difference in growth between
treatments (®*=0.05, B=0.005). A 2 X 2 ANOVA was used to

examine the experimental results (Nie et al. 1975).
Reproduction

The length of time from oviposition to brood release
was examined at 6° C. This temperature was chosen to
complement data from previous studies. Borowsky (1980)

has previously estimated development time at 17 and 21° ¢
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and Steele and Steele (1975) presented estimates (based on
egg size) for 0 and 10° C. Six females in.precopula with
males were iéolated and checked daily. After oviposition
females were separated from males and placed into a
compartmented tray in an incubator maintained at 6° ¢, 12
hour light and dark cycle. The embryonic development time
was recorded as that time from oviposition to release of

juveniles from the brood pouch.

To determine the relation between female size and
brood size 97 ovigerous fémales collected from December to
August were measured and the number of eggs recorded., Of
these 37 had broods that were at the "A"™ stage of
development, which is defined by Steele and Steele (1969)
as eggs recently oviposited. Size of six eggs per brood
was determined by the method of Steele and Steele (1969)

as the average of the length and width.



Results -
Population Structure

Overall sex ratios in each habitat do not appear
different than an even distribution. Sex rqtiog were
found to differ (p<0.05) from a 1:1 r#tio on 6 May in the
seagrass habitat, ﬁhen females out numbered males (2.5:1)
(Table 1). On 22 June males were more abundant than
females in seagrass (1.6:1) and less abundant than females
at the algal habitat (1:2.6). Hatufe non-ovigerous
females were rare with over 90% of all mature females

carrying broods.

Mean size of males, females and total populations
between habitats does not appear to differ (Table 2).
Although there are some significant (p>0,05) differences,
no general pattern was evident. There may be some
evidence for larger females and males at the algal habitat
in April and early May with a reversal in late May but it
is not very conclusive. Analysis of the size of ovigerous
females (Figure 3) indicates a reduction in mean size from

approximately 3.5 mm to 1.5 mm from the winter months to
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Table 1. Numbers of males and females present in each
habitat by date. Significant departures from a l:1 ratio

are indicated by an asterisk (%) (p<0.05).



Seagrases Algae 1 Seagrass Algae
1

Date # Male # Femsle # Male # Female ! Date # Male ¥ Female # Male # Female
8 DEC 4 1 ! 11 HAY 11 17 31 31
22 DEC 2 2 -1 16 MAY 20 22 197 181
5 JAR 5 6 3 3 1 20 MAY 29 25 314 316
19 JAN 8 6 1 25 MAY 22 23 231 261
2 FPEB 4 a ! 8JUN 43 54 74 - 81
16 FEB 2 6 1 122 JU8 36 =* 22 6 * 16
2 MAR 7 12 2 31 6JUL 4 7 5 10
6 MAR 4 5 1 20 JUL 5 1

11 MAR 17 13 1 3 AuG 9 ]

16 MAR 10 9 1 1 17 Aue 4 5

20 MAR 8 6 ! 31 AUG 1 1

25 MAR 7 6 - ! 14 SEP 1
30 MAR 8 9 | 28 SEP

13 APR 15 15 2 3 ! 12 ocT

27 APR 25 24 12 19 | 26 OCT : 1

1 MAY 18 20 21 19 1 9 Nov

6 MAY 11 * 27 52 47 1 23 NOV 1 5

Total N 350 365 951 991

* p<0.05




Table 2. Mean size of individuals at each sample date by
sex and total population. Blanks indicate either no
samples taken or absence of amphipods. Significant size

differences are indicated by an asterisk (*) (p<0.05).
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TABLE 2
Males Females Total Pop.
Date Seagrass Algae Seagrasa Alpae Seaprass Algae
8 DEC 2.98 2.713 1.45 2,77 2.68 2.21
22 DEC 2.31 1,91 1,36
5 JAN 2.66 1.77 2.48 2.38 2,10 1.94
19 JAN 2,18 1.97 1.68
2 FEB 3.00 2,82 2,57
16 FEB 3.75 3.20 2,82 1.57 3.20
2 MAR 1.93 1.45 2.41 2,57 1.95 2.12
6 MAR 2.10 2,90 2.07
11 MAR 2.15 2,22 1.79
16 MAR 3.11 2.72 4.10 2.02 4.10
20 MAR 2,24 3.27 1.81
25 MAR 2.37 2.83 1.53
30 MAR 2.64 3.01 1.01 0.90
13 APR 1.65 2.00 1.31 * 3.27 0.81 1.02
27 APR 1.71 2,31 1.67 * 2,36 1.30 1.42
1 MAY 1,71 2.29 1.71 * 2.25 1.27 1,23
5 MAY 1.63 1.70 2.09 * 1.73 1.47 1,08
11 MAY 2,31 1.58 2.14 1.81 1.14 0.89
16 MAY 2.06 1.85% 2,19 1.95 1.28 1.17
20 MAY 1.98 1,94 1.85 1.92 0.96 1.25
25 MAY 1.68 1.82 1.78 1.69 1.03 1.30
8 JUN 1.53 1,48 1.55 1.44 1.10 1.04
22 JUN 1.66 1.72 1.63 1.76 1.32 1.48
6 JUL 1.76 1.26 1,93 * 1.45 1.46 0.89
22 JUL 1.66 2,10 1.02
3 AUG 1.44 1.43 1.08
17 AUG 1.20 1.54 1.10
31 AUG 2.10 1.60 1,85
15 SEP 1.90 .97
26 O0CT 1.70 0.80
9 NOV 0.80
23 NOV 3.40 2.78 2,54




Figure 3. Mean size (mm) of ovigerous females.
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the summer. This reduction in mean size is also

paralleled by a reduction in minimum reproductive size.

Growth

Field growth rates were determined from the median
size of recognizable cohorts through time._ This resulted
in a vinter growth rate of 0.04 mm/day (LH3) and a spring
rate of 0.11 mm/day (Lgg). Growth rates of individuals
raised in the laboratory we:e_determined from regression
analyses (Figure 4). Each data set was tested for
agreement with linear, power and.exponential curve fits
and a linear relationship proved the best descriptor for
all three. There is some suggestion that the amphipods in
the 23° C treatment may be reaching an asymptotic size but
more information is needed to clearly define this trend.
Growth at 5° C is determined to be 0.01 mm'dayﬂl. An
increase of nine degrees to 14° ¢ resulted in a 0.05
tmn'd.t.u,"-1 rate while another nine degree increase to 23% ¢
only resulted in a slight increase to 0.06'mm'day-1.

Using these rates minimum ovigerous size (1.1 mm) can be
attained in 12 and 10 days and mean ovigerous size (2.3
mm) can be reached in 36 and 30 days at 14 and 23° ¢

respectively.

Food type has a significant effect (p<0.00l) on the

potential growth rate of G. mucronatus, with the



Figure 4. Relationship of length of head and first three
pereonites to time in growth experimemnt & 5° c, o 14° c,

o 23% ¢.
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‘Ulva-gntefoﬁorgha diet reaulting in 12,4-29.82 less growth

after 21 days than the seagrass diet (Table 3). Two waj
interactions between food and habitat were not significant
(p>0.05) and habitat of origin contributed very little to

the overall variance (p>0.4).
Reproduction

Brood development at 6° ¢ was very éonsistent among
the six individuals examined taking an average of 30.7
days (32 = 1,07). Most of these females produced second
or third broods when they were again paired with males.
Combining these data with those of Steele and Steele
(1975) and Van Dolah and Bird (1980) (Table 4) femperature
seems to affect development time exponentially as:

D = 64.03 ¢ 013 T (r? = 0.96, n = 5)

where D is time in days and T is degrees Celsius,

The number of eggs carried by a female varied from 3
to 200 but was highly dependent on female size (Figure 5).
A curvilinear relationship provided a slightly better fit

to the data than a simple linear regression (r2 = 0.77 vs

r2 = 0,67). Egg size varied seasonally decreasing from

2

winter to summer (Figure 6) (p<0.001, r” = 0.59) with a

range of 0.308 to 0.532 mm.



Table 3. Mean size (mm) (Ly,) of 24 individuals per

treatment in the food comparison experiment.
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TABLE 3
Habitat of Food S8ize after 21 Days
Origin Type mm (L..)
_ B3
X 82
Seagrass Seagrass 1.27 0.096
Seagrass Algae 1.13 0.020
Algae Seagrass 1.35 0.041
Algae Algae 1.04 0.022




Table 4. Estimated temperature dependent rate of egg

development.
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TABLE 4
Temperature Egg Development Source
Celcius Time in Days
0 73.1 Steele and Steele (1975)
6 30.7 present study
10 12,0 Steele and Steele (1975)
17 8.3 Borowsky (1980)
21 4.3 Borowsky (1980)




Figure 5. Relationship of brood size to female size (mm).
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Figure 6. Relationship of eggsize (mm) to time from

s . + . .
winter to summer. Regression - 957 confidence limits.
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Abundance and Size-frequency Distributions

In the seagrass habitat G. mucronatus ranged in
density from less than 50"111_2 (below 1imi£s of detection)
in late September and early October t:o'1190'mm2 in late
June (Figure 7a). Seagrass biomass seemed to increase
somewhat from December to_Janﬁary'declining through 1late
winter until growth began in spring (Figure 7b). A
maximum mean biomass of 186.1 g'.m-2 dry weight dccurred in
late May after which a typical summer JEcline ensued as

has been observed by Orth and Moore (1982).

The abundance of 6. mucxronatus in the algal

community was sporadic and low from 8 December to 30

2 on 20 May before

March, but greatly increased to 6800°m
rapidly declining to zero on 20 July (Figure 8a).

Presence of Enteromorpha spp. and Ulva spp. exhibited a
similar pattern of abundance with & maximum biomass of

26 .6 g'm_2 dry wveight occurring om 16 May (Figure 8b).

Ice floes in mid-January may have severely affected
abundance patterns of both the algae and 6. mucronstus by
physical removal of the algae and freezing of macrofauna.
This was indicated by the total lﬁck of algae from 2
February to 16 March, and the observation that most of the

macrofauna present in the samples during this period were

in a state of decay.



Figure 7. Mean density (#'m_z) of Gammarus mucronatus at

the seagrass site (a), and mean dry weight biomass (g'm-z)

of Zostera marina (b}.



33

1,500

1:000 =1

500-

200+

150

100+

's

50~




Figure 8. Mean demnsity (#'m—z) of Gammarus mucronatus at
2
)

the algal site (a), and mean dry weight biomass (g'm ) of

Enteromorpha-Ulva (b).
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Size~frequency distributions of G. mucronatus within
replicate samples collected from the seagrass bed do not
differ significantly (p<0.05) except on 11 and 20 May
(Table 5). For these dates differences are probably due
to a preponderance of juveniles in one sample of the set.
No differences were detected following removal of these
outliers from the analyses. Successive sample dates were
usually different except in some cases when either
densities were low (winter and summer) or sample dates
vere close in time (Harch; May). These resﬁlts indicate
that within the seagrass bed spatial variation is not
great, but as expected temporal variations in
size~frequency distributions occur as a result of growth

and recruitment between sBuccessive sampling dates.

Size-frequency distributions of amphipods from the
algal habitat sﬁow a different pattern than the seagrass
bed in that there were differences (p<0.005) within sample
dates. Differences were found omn 16, 20, 25 May and 8
June (Table 5). These differences do not appear to be due
to single outlier samples and indicate a greater spatial
heterogeneity on the pilings. Differemnces in the
size-frequency distributions between successive sample
dates also were different with the same exceptions as
noted for the seagrass habitat, Comparisons between
habitats indicate that there are significant differences

in size-frequency distributions on all dates tested except



Table 5. Comparison of size-frequency distributions
between replicates on a given sample date, between
successive dates and between habitats (goodness of fit

G-test).



TABLE 5
FORTNIGHTLY SAMPLES
Seagrass. Algae
Date Within Between Between Within ' Between
Date Dates Habitats Date Dates
8 DEC NsT
NS
22 DEC NS
*
5 JAN NS
NS Insufficient
19 JAN NS
* Data
2 FEB NS
*
16 FEB NS
,k
2 MAR NS
*k
16 MAR NS
%%k
30 MAR NS
NS
13 APR NS * NS
%k NS
27 APR NS ¥ NS
*ke *%
11 MAY =* % NS
* %%
25 MAY RS *k *%
% K%
8 JUN NS NS *%
* o
22 JUN NS NS NS
NS Kk
6 JUI. NS *k NS
NS
20 JUL NS Insufficient
NS
3 AUG NS Data
NS
17 AUG NS
# NS - no significance p>0.05

* - p<0.05

*% - p>0.005
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TABLE 5 (continued)

TNTENSIVE SAMPLES

Seagrass Algae
Date Within Between Between Within Between
Date Dates Habitats Date Dates
2 MAR NS#
NS
6 MAR NS
NS
11 MAR RS
*
16 MAR NS No Intensive
‘ *
20 MAR NS Sampling Done
*
25 MAR NS
NS
30 MAR NS
27 APR NS *k NS
* NS
1 MAY NS k& NS
* NS
6 MAY NS *% NS
%k NS
11 MAY * * NS
NS dok
16 MAY NS * *k
*k ki
20 MAY * *k %
NS &k
25 MAY NS *% *%

# NS - no significance p>0.05

* -~ p<0-05
*% - p>0.005

37



38
8 and 22 June, thus the two habitats may not represent

continuous populations.

Size-frequency distributions were further analyzed
for recognizable cohorts. The fortnightly size-frequency
distributions (Pigure 9) from the seagrass habitat reveal
two recognizable cohorts. The first cohort (I) recrqited
in December, matured over.the winter andldisappeared from
the population by 30 March. Cohort II recruited in
February, matured in March and diéappeared by May. For
the remainder of the year additional cohort recognition
was impossible. Size-frequency distributions from the
short interval March sampling (Figure 10) suggest that the
second cohort (II) recognized from the fortnightly samples
actually matured and disappeared by 16 March and a third
cohort (III) which recruited in early March was
responsible for the adults that were present in late March
and mid April. This third cohort was very distinct while

the second was not clearly expressed.

Recognition of cohorts in the samples from the May
data is difficult (Eigure 10) even with the aid of the
Probability paper method of Harding (1949). By 20 May
rapid growth combined with continuous reproduction quickly
obscured what may have been a distinguishable cohort in

early May.



Figure 9. Size-~frequemncy distributions for the
fortnightly samples from the seagrass habitat (0.5 mm
length classes, class 1 = 0.5-0.9 mm). Cohort I

crosshatched, cohort II striped.
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Figure 10. Size-frequency distributions from the March
and May intensive sampling, seagrass site. 16 February and
13 April added for reference. Cohort I crosshatched,
Cohort II thick diagomnal striping, cohort III thin

diagonal striping.
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Size-frequency distributions of amphipods from. the
algal habitat (Figure 11) do not provide any'evidence for
separation of cohorts. Abundances of ovigerous females
and juvenile amphipods both parélleled the general -

population trend which was seen in figure 8a.
Population Dynamics

Examination of the dynamics of ovigerous females and
juveniles from the seagfass habitat (Figure 12) supports
the overall interpretation of the size-frequency data.

The cohort which matured over winter (I) produced a peak
of ovigerous females on 2 March which.was then followed by
some mortality of adults. Before dying these females
produced the small recruitment present on 16 March (cohort
I1I) and the juvemniles responsible for the third cohﬁrt
(III). Cohort II and cohort III both contributed to the
formation of the next peak of ovigerous females (16~30
March) which spawned the large peak of juveniles on 13
April. Mortality of adults again led to the reduction in
ovigerous females observed on this day. With the warmer
spring temperatures maturation of these juveniles occurred
23 to 32 days later on 6 to 16 May. The subsequent
juvenile maxima (20 May) again matured quickly in 19 days
and resulted in the maxima of 127 mature femalea'm-2 on 8
June. The entire popﬁlatioﬁ then experienced fairly rapid

declines into the summer months.



Figure 11. Size~frequency distributions for the algal
site, 8 December to 6 July (dates omitted where Gammarus

mucronatus was absent).
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Figure 12, Mean densities (#'m-z) of juveniles (see text)
B, and ovigerous females A (exaggerated by a factor of

8) from the seagrass habitat, 8 December to 3 August.
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The numbers of juveniles produced by eéch.peak of
mature females were not proportionally similar; The first
and second peak which were of similaf“magnitude resulted
in very different quantities of juveniles. The third and
fourth peaks in mature females were 3-4 times greater than
the first and second and yet only yielded juvenile
sbundances as great as or less than the second peak. The
differences between the first two.may be a result of poor
survival of eggs and juveniles at cold ambient
temperatures. Differences between the second peak and the
last two prdbably result from the general reduction in
female maturation size and the concomitant reduction in

brood size occurring in these later populations.



Discussion

Growth

Evidence from both the field data and laboratory
data indicate that G. mucronatus has a2 great potential for
growth. Length increases appear to be linear over the
short time period examined in laboratory exzperiments
(35 days), though they probably decrease with maturity as
has been found for other amphipods (Nair and Anger 1979,
Vassallo and Steele 1980, Savage 1982). Field derived
growth rates from the seagrass habitat are much greater
than would be predicted from laboratory experiments at
similar temperatures. This discrepancy may result from
(1) the field temperature record, taken every two weeks
(and often in the morning) did not detect daily warming of
the water over the shallow seagrass bed {(where field
growth rates were determined) and (2) the probable lack of
ideal laboratory conditions for growth experiments. Since
periods of warmer water temperature could have led to
faster growth it is difficult to project field growth
rates from laboratory dats without an accurate record of
field temperatures. Consequently, the field growth rates

wvere considered to be more reliable and thus were used to
45
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estimate the number of cohort production intervals (CPI)

occurring during the year.

Benke (1979) defined the CPI as the time period
necessary for growth of an individual from recruitment to
the largest size class. It is a term that is only
equivalent to generation time when reproduction coincides
with attainment of maximum size. Thus €. mucronatus would
be capable of a greater number of generations than CPI s.
CPI has been chosen as the unit of measure expressing
longevity since it is subsequently used in an examination

of the production of this amphipod (Fredette 1983).

There are two clearly recognizable cohorts present
from December to the end of March (I and III) (Figure
9,10), cohort II being somewhat indistinct. Based on the
estimated growth rate of the March cohort and the
suggestion of a quickly growing cohort im May it is
conservatively estimated that approximately three cohorts
(3.25) occﬁrred from December to the end of May. From
June to November growth is conservatively estimated to be
equal to the March field estimate since there is not
evidence to determine summer growth rate. Because in the
summer maximum size is much less than in winter, rapid
growth leads to very short CPI‘s and an estimate of 5.6
cohorts results. Based on these estimates a minimum of

8.8 non-overlapping cohorts could have occurred in the
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year with the number of generations certainly exceeding 10
since reproductive maturity is'attained before maximum
size. The possibility also exists that high'suﬁmer
temperatures actually inhibit grdwth s0 that ;he number of
cohorts may be less ﬁhan 8.8. Because of this uncertainty
I estimate that approximately 6 cohorts could have
developed before high (>25° ¢) summer temperatures

occurred.

The majority of prior amphipod life history studies
have been in cold teﬁperate or boreal regions (Wildish
1982)., The populations under study usually have one or
two generations per year (Gable and Croker 1977,
Goedmakers 1981, Klien et al. 1975, Waters #nd HBokenstrom
1980) while a few studies in tropical or warm temperate
regions reported more than two. Omori et al. (1982)
estimated that Corophium volutator may produce four of
more generations. For C. insidiosum, Birklund (1977)
found a generation time of 4-5 weeks and states that
Casabianca (1975) found 5-6.5 generations in a
Mediterranean population., Steele (1973) examined the
tropical amphipod, Parahyalella pietschmanni, and
determined that generation time was 4-5 weeks and
reproduction was continuous throughout the year. Venables
(1981) studied an extremely productive population of
talitrids and found that reproductive maturity was reached

in 3-4 weeks and maximum eize in B weeks. There is also a
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growing body of laboratory evidence which shows rapid
growvth and matufation of amphipods (Cooper 1965, Doyleiand
Hunte 1981, Krishnan and John 1974, Macko et al. 1982).
Doyle and Hunte (1981) raised Gammarus lawrencianus at
room temperature through 25 generations in approﬁimately
30_honths and Macko et al. (1§82) raised Ampithoe valida
and Parhyale hawaiensis to maturity in 5-6 weeks at

21-23° ¢, The growth rates measured for G. mucromatus are
comparable éo these other amphipods as maturation in

warmer months may require only 3-5 weeks.
‘Reproduction

Winter and summer populations of &. mucronatus
employ different reproductive strategies. Summer
populations have reduced brood size, egg size, development
time, size at maturity, maximum size and increased growth
rate. The smallest reproductively mature female I
observed (1.1 mm) is only slightly larger than the 1.0 mm
predicted by Steele and Steele (1975). Females in the
observed size range are capable of carrying only 3-10 eggs
and further reduction in size may not be possible

especially if there is a critical lower limit to egg size.

Borowsky (1980) has previously reported on the brood
size, egg size and development time in G. mucronatus. She

found a range in brood size of 1-57, while the present
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study extends the upper end of the range to 200. This is
largely due to the wider range of female sizes used here.
Based on the largest sized female she examined I would
predict an average brood size of 39, a fair estimate
considering that the mean for that size is probably
somewhat below 57. The largest female G. mucronatus
examined by Steele and Steele (1975) carried 18 eggs and I

would predict 15.

Steele and Steele (1975) and Van Dolah and Bird
(1980) have provided linear regression equations relating
brood size to female size for g. mucronatus. As suggested
by Van Dolah and Bird (1980), I employed a larger data set
than theirs and found that a curvilinear function provided
a better fit. Van Dolah et al. (1975) reported similar
results for G. palustris. Intuitively, this is an

expected relation since available brood space should

increase as a power function of size.

Van Dolah and Bird (1980) report that northermn
populations of G. mucronatus have larger eggs than
southern populations. Heeding the caution of Steele and
Steele (1975) that egg size varies with season (also shown
by my data) comparisons are made within season. Such
comparisons are valid only if it can be assumed that
southern populations experience similar environmental

temperatures as northern counterparts, temporal
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equivalence is not sufficient since egg size is probably
more cloéely fied to temperature than-seﬁson. I found egg
size to vary in the range of 0.308-0.532 mm depending on
season while Steele and Steele (1975) feport an average of
0.355 mm. Van Dolah and Bird (1980) report a range of
0.276~-0.378 mm for eggs of females from several 1o§ationa
along the Atlantic Coast. Those values smaller than my
minimum are from more southerly populationa but as
emphasized earlier latitudinal comparisons need to be

considered more carefully.

Brood development time in amphipods seems to be
clearly related to temperature (Borowsky 1980).
Comparison of my equation to those of Marchant and Hynes
(1981) and Hughes (1982) (Figure 13) indicate that
G. mucrongtus develops more rapidly than either

—

G. pseudolimnaeus or Dogielinotus loquax, especially at

lower temperatures, but the general trend is similar.
Steele and Steele (1973) have reported similar development
rates in other species of Gammarys. Brood development
time and brood number may also be affected by seasonal egg
size, It has been clearly shown that smaller egg sizes
develop more quickly (Clarke 1982). Experiments performed
on winter eggs at summer temperatures will probably
underestimate actual summer potential. It should also be

expected that like sized females in different seasons may



Figure 13. Temperature dependent egg development rates for
Gammarus pseudolimnaeous (Marchant and Hynes 1981),

Dogielinotus loquax (Hughes 1982) and Gammarus mucronatus

(present study).
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have different egg carrying capécities as a result of

varying egg sizes.
Population Dynamics

Temporal variation of G. muéronatus populations in
the seagrass and aléal habitats were quite differént. The
presence of algae on the pilings is ‘ephemeral, but when
present this habitat is rapidly and densely populated by
G. mucronatus. Conversely, the relatively permanent
seagrass habitat appears to be utilized throughout the
year with peak amphipod densities occurring in spring and

summer menths.

The ephemeral algal habitat which occurs the length
of the pier may actually be an extension of a more
constant algal habitat occurring in very shallow water
during most of the year. This habitat inéludes drift
algae, as well as algae attached to hard substrates
(rubble) along the shore and a few of the innermost
Pilings. This more permanent habitat may serve as a
source of colonizing amphipods when algae does grow omn all
of the pilings. This potential source of recruits is
supported by the fact that G. mucronatus is commonly
observed in estuarine shallow water meroplankton samples
(Williams and Bynum 1972). In addition, Meyer (1982) has

shown that juvenile G. mucronatus may be a common
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component of the plankton over seagrasé beds} Despite the
propensity for drift by G. mucronatus, the.@nalyses of
size-frequency distributions between habitats (Table 5)
indicates that drift is not of sufficient magnitude to

obscure population size class differences.

The variations in G. mucronmatus population density
in the seagrass habitat do not seem to be closely tied to
the availability of substrate (Figure 7) as was found in
the algal habitat (Figure 8). It could be hypothesized
that the population decline of G. mucronatus in the
seagrass bed results from the arrival of migratory
predators imn the spring and summer. Predation is often
invoked as a2 major factor in amphipod population
regulation (Nelson 1979), though Krebs (1978) argues that
many populations may be self regulating. Chesapeake Bay
seagrass beds have abundant predatory populations of fish
and decapod crustaceans (Heck and Orth 1980, Orth and Heck
1980). Though, Stoner (1980b) has shown that not all
amphipod populations in seagrass beds decrease in periods
of high predator abundance, as some attain their highest
densities during these times. General observation of
population trends of other amphipods and isopods collected

in my study support his contention.

Predation, when size selective, can also be

implicated as a mechanism for reducing the size range of
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summer individuals. However, reduction in maturation size
may preclude the need to grow larger. Similar early
m#turity has been noted for amphipods by Birkluﬁd (1977),
Cooper (1965), Nelson (1980b) and Nair and Anger (1979),
for cladocerans by Vijve:berg.and Richter (1982) and ié
well demonstrated'for copepods (Uye 1982). 1It is
conceivable that size selective predation occurs, but it
is also possible that the process of size reduction is
physiological. Early natnration, if physiologically
coﬁtrolled, could be a co—evolutionarj response with
predators, because if the dominant predators (which arrive
in fhe spring) crop only large individuals them it would
be advantageous for the prey species to program early
maturation during these periods. Southwood (1976) has
demonstrated that the intrinsic rate of population growth
(r) is more easily maximized by reduction of generation
time (T_) thar an increase of fecundity (Ro) as:

~ ln R
r =~ o

T
c

Thus, if G. mucronstus decreases generation time between
seasons by a third (90 to 30 days) by growing faster and
maturing at smaller sizes, fecundity, as measured by the
number of eggs per brood, must be reduced. Even if the
number of eggs per brood is reduced by an order of
magnitude (200 to 10), "r" is increased (0.059 to 0.077).
Thus, summer populations of G. mucronatus can increase at

a faster rate than winter populations, possibly to balance
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the higher rates of predation. Ultimately, predation
' pressure may be respoﬁsible for the evolution of reduced
size of summer adults, but on an ecological time scale the
process may be imevitably tied to physiologj such that
even in the absence of predators (i.e.'wifh caging) it

would occur.

One possible mediating factor in the physiological
expression of maturity at small sizes may be temperature.
However, seasonally changing food resources may also be
involved., My results and those of Vassallo aﬁd Steele
(1980) have shown that growth of amphipods occurs at
different rates on different diets. Vassallo and Steele
{1980) further demonstrated that those diets producing
rapid growth also led to maturity at smaller sizes given
identical temperature conditions. Thus early maturity may
be related to a seasonally changing suite of food
resources, rate of growth, temperature or these and other

factors in combination.

Even though regulation of adult size at méturity and
population density of amphipods appear from circumstantial
evidence to be predator controlled, rigorous testing is
necessary. The observed population decline in the summer
may be an inevitable respomnse to factors other tham
predation. The populations of this amphipod may be

tracking a seasonally abundant, preferred food source or
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substrate (as was seen in the algal habitat). Or perhaps
high sunmmer températures are actually an inhibifion to
growth and survival. The relationship between predation,
as a regulating mechanism, and the life history stratégy

of G. mucronatus warrants further study.

Gammarus mucronatus exhibits a very flexible life
history that may be related to its eurytopic abilities and
wide latitudinal range. Such a life histofy is probably
not unique suggesting a2 need for closer examination of
other pericaridean and decapod crustacean species.
Recently Alon and Stancyk (1982) have shown that the
decapod shrimp Palaemontes pugio exhibits both a summer
and winter generation in a South Carolina estuarine
environment., For adequate estimates of such phenomena
both laboratory and field growth studies should consider
short time scales (days-weeks) before assuming that longer
intervals provide adequate characterization. I expect
that such evaluationse of life cycles of other shallow,
warm water species will support the findings of this
study. Such evidence will require that we reevaluate our
assessment of such habitats as they may prove to be of a
much more dfﬁamic and productive nature than previously

thought.
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SECONDARY PRODUCTION OF THE CRUSTACEAN GAMMARUS MUCRONATUS
SAY (AMPHIPODA: GAMMARIDAE) IN WARM TEMPERATE ESTUARINE

HABITATS, YORK RIVER, VIRGINIA



Abstract

Secondary production of the amphipod Gammarus
mucronatus was studied in a seagrass (Zostera marina)
habitat and a macroalgal fouling community on old pier

G. mucronatus populations were present in the

pilings.
macroalgal habitat during only 4 months of the year but

production was 10.2-12.9 g'm-z'yr_1 dry weight compared

with 5.0-6.5 g':.'n_z'yrm1 dry weight in the seagrass habitat
where populations were maintained throughout the yearx.
Rapid turmover rates result in short cohort production
intervals (CPI) with annual production to biomass ratios

(P/B) ranging from 36.8-76.8 .

A modified instantaneous growth rate method gave
production estimates that were approximately 25% higher
than estimates of the size-frequency method. Production
estimates of four different variations of the
size-frequency method produced results that were similar
to one another. The sum of size-frequency estimates when
males and females are considered separately results in
slightly lower production values than combined

calculations since dimorphic size biases are excluded.

Calculation of P/B with proposed models shows fair
agreement with that of Robertson (1979) while severe
underestimates are made by those of Banse and Mosher
(1980) and Mann (1969).
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Introduction

Estuaries are described as among the most productive
of marine habitats, with thé Chesapeake Bay estuary often
being used as a prime example. The Chesapeake Bay serves
as nursery ground for many species of fish and each year
yields large harvests of shellfish, crabs and fish td
commercial and sport fishermen. As the driving force at
the base of this harvest of secondary production is the
primary production of the plankton and higher plants in
and around the bay. The process of conversion from plants
to a commercialiy harvestable product oftem requires
several levels of transfer through the food web as one
organism serves as food for another. Contrasted against
the large number of production studies on commercially
important organisms (see Ricker 1968) there are few
studies on the production potential of those species that

serve as their food resources (Waters 1979a).

"Estimates of secondary production provide useful
information for evaluating habitat resource value. One
common food resource for fish and decapod crustaceans in
many aquatic communities are amphipods (Nelson 1979a,

1981, Stomer 1979, Van Dolah 1978, Young et al. 1976)
65
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which are among the most productive organisms studied
(Humphreys 1979, McFNeill and Lawton 1970, Venables 1981).
However, most studies of amphipod produétion have involved
either fresh water (Cooper 1965, Dessaix and Roux 1980,
Goedmakers 1981, Marchant and Hynes 1981, Martien and
Benke 1977, Waters and Hokenstrom 1980) or cold:
temperate-hpreal marine populations (Hastings 1981, Klein
et al. 1975, Wildish and Peer 198l1)., There appear to be
only two investigations of warm climate marine populations
(Diaz and Fredette 1982, Venables 1981). The present
study was designed to examine the production of
populations of the shallow ﬁater amphipod Gammarus
mucronatus in warm temperate estuarine habitats of the

York River, Virginia, a subestuary of the Chesapeake Bay.

Among the factors that are important for the
estimation of secondary production are the habitat
examined (Martien and Benke 1977), an organism”s voltinism
(number of generations), abundance and size-class
structure (Waters 1977,19795). Fredette (1983) has

previously examined these and other life history

characteristics of G. mucropnatus in two spatially
proximate habitats from December 1981 to November 1982,
In this prior study it was found that population
fluctuations and maximum abundance were quite different

between habitats. Fredette (1983) also determined that
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growth in the spring and summer could be very rapid

resulting in approximately 6-9 cohorts per year.

Another factor influencing estimates of production
is the method of calculation émploygd. In the present
paper I estimate.production with fhe siiewfrequency
calculation method (Hamilton 1969, Merzie 1980) using four
different subsets of data and compare these to a fifth
estimate based on an instantaneous growth rate (IGR)
calculation. Results of the estimates are also used to
examine the utility of three differemt predictive

production models.



Material and Methods

The two sites chosen for study were a Zosteras marina
seagraes bed and a fouling community present on old pier
pilings dominated by the green algae Ulva spp. and
Enteromorpha spp. (Figure 1). In a previous study of
Chesapeake Bay seagrass beds, Diaz and Fredette (1982)
concluded that monthly sampling was insufficient for
tracking cohorts of amphipods and isopods because of their
rapid growth. In order to more clearly define voltinism
and field growth rates I sampled more frequently in this
study on a fortnightly (every 14 days) basis for a period
of one year between December 1981 and November 1982.
Because I anticipated that fortnightly sampling might have
been insufficient to determine field growth rates in the
warmer months due to more rapid growth, a ﬁore intensive
sampling frequency (every four or five days) was
established for the months of March and May 1982.
Additional data obtained from these samples included
amphipod biomass, abundance and size~frequency
distributions. Descriptions of sample sites and sample
processing methods are reported in more detail by Fredette

(1983).
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Figure 1. Sampling locations in the lower York River,

Virginia.
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Length-weight regressions were determined for each
sex (non-ovigerous femaleé only) from both hgbitats.
Amphipods were dried at 60° ¢ for a minimum of 72 houzrs,
cooled in a desiccator and weighed té the nearest 0.1 mg.
Small amphipods were pooled to obtain measursasble valués.
Differences in the resultant regressions were compared
using covariance analysis (Smedecor and Cochran 1976).
All lengths reported im this paper ﬁere determined by
measuring the distance from the rostrum to the posteriof
edge of the third pereonal segment. Total length is

approximately 3.3 times greater than this measure.
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In addition to production through growth, amphipods -

periodically shed their exoskeletons (exuviae). To
examine the amount of exuviae lost during growth 16 newly
hatched amphipods were isolated in individual containers
and raised in the laboratory at 23° ¢. Containers were
checked daily for presence of molted exoskeletons which
were collected and preserved in 10Z formalin. At the end
of 42 days all amphipods were collected and preserved.
Both the exuviae and amphipods were then dried as above

and weighed.



71
Production was determined using two methods. The
first is the size-frequency method refined by Menzie

(1980):

P = I (N, - N.

) e w p?

where P is production, i is the number of size ciaases, Nj
is the number of individuals that deﬁeloped into a given
size category over the time interval considered and Wj is

the mean weight of an individual in the jth size class,

The value of Nj is determined as:

] 1 P CPI
where D is the number of days over which production
occurs, nj is the mean number of individuals that
developed into a given size class during time pexriod D, Pe
is the estimated time spent in a size class, Pa is the
actual time for growth through a size class, CPI is the
cohort production interval in days and C is the number of
size classes present during time D. The cohort production
interval (CPI) is the time required for growth from
recruitment to the largest size class (Benké 1979).

Growth is considered to be linear for G. mucronatus

1. This calculation method

(Fredette 1983) so PelPa
includes improvements made by Hamilton (1969) to the

original Hynes method (Hynes 1961, Hynes and Coleman 1968)
and the recommended use of the geometric mean between size

classes for weight at loss (Wj) (Krueger and Martin 1980).
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To determine production with this method ,
size-frequency distributions were constructed using 0.5 mm
length classes, Amphipods were measured from the rostrum
to the rear border of the third pereonal segmeat,
Corresponding weights were generated using the regression
equations. As previously shown in an examination of the
life history of G. mucronatus (Frgdette 1983) growth rates
are temperature dependent and are best described by a
linear function. Based on growth rates determined from
three cohorts recognized with size-frequency distributions
(Figure 2), G. mucronatus is capable of producing
approximately 6-9 cohorts during a year. In addition,
during the summer there is a reduction in the maximum size
attained by adults which in turn, results in fewer size
classes (Figure 2). For these reasons I divided the year
into three segments and total annual production was
estimated by summing the production estimates for each
segment. The CPI was seasonally adjusted for this
purpose. The time period from December to the end of
February (82 days) was characterized by a cohort
production interval of 100 days and eight size classes.
From March to May (91 days) there were nine size classes
represented in the population and in response to the
warmer spring temperatures cohort growth was estimated to
take 36 days. From June to November (183 days) only five
size classes were represented and growth to the largest

size class was more rapid (32 days). Without such



Figure 2. Size-frequency distributions for the seagrass
habitat, 8 December to 22 June (0.5 mm length classes,
class 1 = 0.5-0.9 mm). Cohort I crosshatched, cohort II
thick diagonal striping, cohort IIX thin diagonal

striping.
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seasonal segmentation there are serious errors which are
introduced into the computation. Two major errors that
would occur are application of a uniform size class factor
(C) and CPI to production calculated on the entire data
set. Both of these would lead to an overestimate of
production since summer populations do nof have as many
size classeﬁ and winter populations grow at a slower rate,

i.e. have a longer CPI.

The second method used is a modification of the
instantaneous growth rate method (IGR) where a daily
production value was obtained for each of the sample
dates. Daily production was estimated by multiplying the
abundance of G. mucronatus in a given size class on a
sample date by a seasonally adjusted size specific
instantaneous growth rate. Growth rates were estimated
and seasonally adjusted from the same data used to
estimate CPI. These daily production values were then
Plotted against time and a.curve was drawn between points.
The area under the curve was integrated to obtain

production. The equation used was:

m i w. . N.
S S
1 =1 T

where P is production, Tj is the time period over which
growth is considered (i.e. one day), wj'is the
instantaneous daily growth rate for the jth size class, i

is the number of size classes and m is the number of
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sample dates in the study period. This method is similar
to those described in Edmondson and Winberg (1971) and

Venables (1981).

The effects of sampling frequency and separation of
sexes were examined for the size-frequency method.
Effects of sampling frequency were examined by making
separate calculations of produdtion using all 26
fortnightly sample dates and each of the alternate four
week subsets of this data (i.e. every odd and every even
sample). The effect of combining sexes was studied by
separating sexes into two subgroups (juveniles split
evenly since a 1:1 sex ratio exists (Fredette 1983)) and
estimating production for each. These separate subgroup
estimates were combined and compared to the estimate

calculated for the population &s a whole.

Production to biomass (P/B) ratios from the above
analyses were compared with those predicted from the
generalized mathematical models of Mann (1969), Robertson
(1979) and Banse and Mosher (1980). Mann (1969) expresses
the relationship between production and biomass for
organisms with life spans less than one year as:

log10 P = 0.411 + 1,237 log10 B

where P and B are in terms of kcal'm_z. Robertson (1979)
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includes a term based on life span such that: |
log,,P/B = 0.660(%0.089) - 0.726(%0.147) log L
where L is mean life span in years. Banse and Mosher
(1980) relate P/B to mean adul; size at maturity (Ms) for
organisms living at annual mean environmental temperatures
between 5 and 20° C as:

2/E = 0.65 u "037

Solutions to the production models were obtained
assuming (1) mean life span (L) in years to be 0.113,
based on 8.85 cohorts per year, (2) mean size at maturity

to be the mean size of all ovigerous females collected

3

(2.3 mm) converted to a caloric value of 4.55 x 10 ~ kecal

and (3) a mean biomass of 125.3 mg'mm2 converted to 20,2
kcal'm—z. The caloric values were estimated from the mean
energy content value of 4050 cal'g-l reported for the
family Gammaridae by Cummins and Wuycheck (1971). The
Robertson (1979) model was calculated using the upper
limits provided in the equation which produce the maximum

P/B prediction for a given set of parameters.



Results

Length-~weight reéressions for each sex in each
habitat were found not to differ on the basis of
covariance (p<0.05) so the entire data set was combined to
provide a single regression expressed as

W= 0.0943 1303 |

where W is weight in mg and L is length of head and first

three pereonites in mm.

Amphipods grown for exuviase collection molted 5-10
times over the 42 day period. Some individuals may have
molted more frequently than observed due to reingestion of
the exoskeleton. Certain individvals seemed to have
greater tendencies for partial reingestion of exuviae than
others. Total biomass of exuviae collected was 2.1 mg dry
weight while biomass of the amphipods was 5.4 mg dry
weight. This exuviae loss thus represents 39% of the
amphipod dry weight biomass accumulated by the end of the

experimental period.

Fredette (1983) has previously reported that maximum

densities of G. mucronatus were approximately 1200'm-'2 in

77



78

the seagrass habitat and 6800'111-2

iﬁ-the algal habitat.
This habitat difference is reflected in the standing stock
dry weight biomass of the two habitats (Figure 3) ﬁs there
igs an order of magnitude difference between them. In the
algal habitat (Figure 3b) biomass was extremely high
during the brief period from 16~25 May with more moderate

values prevailing during the remainder to the time when

G. mucrongtus was present on the pilings.

The method used to calculate the size-frequency
estimates are shown for the separate male and female
subgroups from the seagrass habitat in Table 1. Males
grew to larger maximum size than females, thus the size
class factor (C) is larger, contributing to greater
production for males. The production estimate for the
entire population (26 Dates) (Table 2) of 5243.5
mg ‘m yr 1 is approximately 5% greater thanm the 5016
mg ‘m yr—1 of the sum of the sex subgroups (M+F) in the
seagrass habitat, but the algal M+F estimate of 10293.4
mg'm-z'yrm1 is slightly (<1%) greater than the 10247.4
mg'm-'z'yr_1 26 Date value in that habitat (Table 3). This
illustrates the effect that a dimorphic difference in
growth can have on the estimate since unlike the seagrass

habitat males and females in the algal habitat reached

similar sizes.



Figure 3. Amphipod dry weight biomass (mg'muz) during the

study period (a) seagrass habitat (b) algal habitat.
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Table 1. Size~frequency production estimates for male and
female subgroups from the seagrass habitat (see text for

explanation of terms).



TABLE 1
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SEAGRASS—-MALES
8 DEC to_16 FEB

Ad justment Loss
_ factor between
nj (grovth classes Wj P
Class (#'w ®) B/P, C period/CPD) N, (#w D)  (mg) (mg'm )
1 12,5 1.0 & 0.75  75.0
2 5.6 1.0 8 0.75 33.6 41.4 0.08 3.3
3 5.5 1.0 8 0.75 33.0 0.6 0.28 0.2
4 2,2 1.0 8 0.75 13.2  19.8 0.70 13.9
5 2.2 1.0 8 0.75 13.2 0.0 1.41 0.0
6 7.0 1-0 8 0-75 4200 _28.8 2.1.8 -71I4
7 3.7 1.0 8 0.75 22,2 19.8 4,00 79.2
8 2.3 1.0 8 0.75 13.8 8.4 6.04 50,7
13.8 8.68 119.8
Total P mg dry veight'm.-2 195.7
2 MAR to 25 MAY
Ad justment Loss
_ factor between Weight
n, (growth classes at loss P
Class (#'m_z) PeIPa C period/CPI) Nj (#'mrz) {mg) (mg'm-z)
1 154.5 1.0 9 2.5 3474.0
2 37.1 1.0 9 2,5 834.7 2639.3 0.08 211.1
3 24.1 1.0 9 2.5 542.2 292.5 0.28 81.9
4 15.5 1.0 9 2.5 348.7 193.5 0.70 135.4
5 7.1 1.0 9 2.5 159.7 189.0 1.41 266.5
6 6.3 1.0 9 2.5 141.7 18.0 2,48 44.6
7 1.0 1.0 9 2,5 22.5 119.2 4,00 476.8
8 4-1 1-0 9 2.5 92-2 -69n7 6-04 "421.0
9 0.8 1.0 9 2.5 18.0 74.2 8.68 644.1
18.0 11.99 215.8
Total P mg dry we:lght'm-2 1655.3
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TABLE 1 (continued)

8 JUN to 23 NOV

Adjustment. Loss
— factor between Weight
B, (growth classes at loss P
- * - -
Class (#'m 2) Pe/Pa C period/CPI) Nj (#°m 2) (mg)  (mg’m 2)
1 40.9 1.0 5 5.6 1145.2
2 21.2 1.0 5 5.6 593.6 551.6 0.08 44,1
3 20.7 1.0 5 5.6 579.6 14.0 0.28 3.9
4 8.6 1.0 5 5.6 240.8 339.0 0.70 237.3
5 2.4 1.0 5 5.6 67.2 173.6 1.41 244.8
6 0.6 1.0 5 5.6 16.8 50.4 2,48 125.0
16.8 4.00 67.2
Total P mg dry wre:i.ghl:'mh2 722.3
SEAGRASS~~FEMALES
8 DEC to 16 FEB
Ad justment Loss
_ factor between Weight
o, (growth classes at loss P
Glass (#'w'>) P_/P_ C period/CPI) N, Gm ) (o) (mg*m2)
1 12.5 1.0 7 0.75 65.6
2 7.0 1.0 7 0.75 36.7 28.9 0.08 2.3
3 4.0 1.0 7 0.75 21.0 15.7 0.28 4.4
4 5.8 1!0 7 0-75 3004 -9l4 0-70 "'6-6
5 8.9 1.0 7 0.75 46.7 -16.3 1.41 -=23.0
6 4.8 1.0 7 0.75 25.2 21.5 2.48 53.3
7 3.4 1.0 7 0.75 17.8 1.4 4.00 29.6
17.8 6.04 107.5
. » -2
Total P mg dry weight'm 167.5




TABLE 1 (contipued)

. 2 MAR to 25 MAY

Ad justment Loss
- factor between Weight
(growth classes at loss P

n.
]
Class (#'m %) P /P, © period/CPL) N, #Fn ) (mg) (mg'm D)

1 154.5 1.0 8 2.5 3090.0
2 41.7 1.0 8 2.5 834.0 2256.0 0.08 180.5
3 24.9 1.0 8 2.5 498.0 336.0 0.28 9.1
4 12.9 1.0 8 2.5 258.0 240.0 0.70 168.0
5 9.7 1.0 8 2.5 194.0 64.0 1.41 90.2
6 10.0 1.0 8 2.5 200.0 -6.0 2,48 -14.9
7 4.9 1.0 8 2.5 98.0 102.0 4.00 408.0
8 0.8 1.0 8 2.5 16.0 82.0 6.04 495.3
16.0 8.68 138.9
Total P mg dry weight 'm - | 1560.1
8 JUN to 23 NOV
Ad justment Loss
- factor between Weight
(growth classes at loss P

b
Class (#,m_z) Pe/Pa ¢’ period/CPI) Nj (#'m 2) (mg) (mg'mhz)

1 40.9 1.0 5 5.6 1145.2 ,
2 8.3 1.0 5 5.6 512.4 632.8 0.08 50.6
3 18.6 1.0 5 5.6 520.8 -8.4 0.28 -2.3
4 8.7 1.0 5 5.6 243.6 277.2 0.70 194.0
5 1.9 1.0 5 5.6 53.2 190.4 1.41 268.5
6 1.7 1.0 5 5.6 47 .6 5.6 2.48 13.9
47 .6 4.00 190.4

. . =2

Total P mg dry weight m 715.1

* 5 was used for C instead of the number of size classes (6) because
the last size class was represented only on the last day of the time
period.



Table 2. Production estimates for Gammarug mucronatus
from the seagrass habitat for the total fortnightly sample
set (26 Dates), the two alternate four week sets (13 Even,
13 0dd), the summation of the separate sexes (M+F) and the
ingstantaneous growth estimate (IGR). Both seasonal and

total production are shown.



TABLE 2

Secondary Production--Seagrass Habitat

Size Frequency IGR
26 Dates 13 Even 13 0dd M+F
DEC-FEB 380.4  481.2  296.7  363.2  350.0
MAR-MAY 3412.5  3168.1  3308.9  3215.4  4305.0
JUN-NOV 1441.6  992.8  1829.9  1437.4  1802.5
P (mg'm 2'yr'l) 5243.5  4642.1  5435.5  5016.0  6475.5
B (mg'm2) 125.3  126.1  124.5  125.3  125.3
P/B 41.8 36.8 43.7 40.0 51.7

83



Table 3. Production estimates for Gammarus mucronatus
from the algal habitat for the total fortnightly sample
set (26 Dates), the summation of the separate sexes (M+F)

and the instantaneous growth estimate (IGR).
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TABLE 3

Secondary Production~-Algal Habitat

Size Frequency 1IGR
26 Dates M+F
P (mg'm 2°yr 1)  10247.4  10293.4  12950.0
B (mg m 2) 168.5 168.5 168.5

P/B 60.8 61.1 76 .8




Size-frequency estimates based on an increase of
sampling interval from two to four weeks (13 even, 13 odd)
result in the Even sample set estimating 127 less
production and the 0dd set estimating 4% greater
production than the 26 Date set. Thus, if variations in
estimates of approximately 10%Z are acceptable for a
halving of sample effort, monthly samples would be

adequate for estimating production.

When compared to the M+F size-frequency estimates
the IGR estimates (Figure 4, Tables 2,3) were 26% and 29%
greater in the algal habitat and seagrass habitat,
respectively. The majority of the production in the
seagrass habitat occurs within the three moﬁth period from
March to May while June to November contributes the mnext
greatest amount (T;ble 2, Figure 4a). In addition to
production at the algal habitat being twice the seagrass
values, P/B ratios are also greater with the IGR estimate
(76.8) being more than double the lowest estimate from the
seagrapss habitat. The majority of the production occurs
from 13 April to 6 July (Figure 4b) paralleling the

presence of G. mucromatus in this habitat.
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Figure 4. Resultant curves from computation of daily IGR

production (a) seagrass habitat (b) algal habitat.
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Discussion

Production of 5-10 g'm_2 yr_1 by Gammarus mucromnatus

popul#tions in the two habitats studied is moderate in
comparison to other amphipod species (Waters 1977).
Values of 27.1 g'm_z'yr-1 have been reported for Gammarus
pseudolimnseus (Waters and Hokenstrom 1980) and 150-1100
g'm-z'yr-l for Talorchestia margaritae (Venables 1981).
However, my estimated P/B ratios are among the highest
reported in the literature. The high production of G.
pseudolimnaeus and T, margaritae are largely due to high
standing stocks as the mean P/B“s are 6.0 and 0.08,
respectively. High annual P/i’s have been reported for
amphipods such as 12-19.,5 for Corophium insidiosum
(Casabianca 1975) and 23.6 for G. mucronatus (Diaz and
Fredette 1982). Waters (1977) has reported most P/B
ratics of univoltine zoobenthos are approximately 5 and
for multivoltine species with 2-3 generatioms per year
they are around 10. This implies a cohort P/B of
approximately 4-5. Thus with approximately 9 cohorts per
year, a P/B of 40 for G. mu£;22§£n£ should be expected.
Even if the lower estimate of 6 cohorts is considered by
reducing the number of summer cohorts by 3, production is

estimated to be 4.3 g'm_z'yr'—1 and the 34.2 annual P/B is
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still very high. High P/B”s are characteristic of short
lived organisms such as zooplankton and some aquafic
insects. Menzie (1981) reported a P/B of 21.0 for the
chironomid Cricotopus sylvestris and-suggésted that the

P/B may actually have been twice that.

G. mucronatys is only one of several amphipod and
isopod species present in the habitats studied. Many of
these species are more abundant than G. mucronatus. Those
that maintain high population densities over the summer
could prove to be extremely productive. Amphipod
densities in shallow marine habitats of 1x104 are common
and can be greater tham 1x105 (Birklund 1977, Moller and
Rosenberg 1982, Nelson 1979b, Venables 198l1). As in the
algal habitat studied here, even when high densities are
present during only a brief period, large production
values can result if coupled with rapid growth. The
production potential of tropical and warm temperate
shallow water habitats are not well studied. In such
habitats where standing stock biomass is low production
may be greater than expected due to high turnover (P/E)
rates. Shallow water cold temperate habitats also meed to
to examined more closely, especially in embayments where
temperatures are likely to increase during the summer.
Such areas can often warm to greater than 140 C, a
temperature at which G. mucronatuys can grow quite rapidly

(Fredette 1983).
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In addition to the biomass accumulated during

growth, crustaceans periodically cast off exuvial
materials which are not a trivial_proportion-of total
production. The ﬁry weight biomassllost by G. mucronatus
(39%2) during the molting process seems to be qﬁite
significant, but is similar to that reported by Strong and
Daborn (1979) for the isopod Idotea baltica. Converting
their energy éontent values to milligrahs we find that
during growth female isopods lose 31% of actual
accumulated body mass to exuviae and males lose 37%. When
these values are considered in terms of energy the loss is
not 80 severe, but still substantial being 20Z for females
and 247 for males. Actual percent energy loss by
G. mucronatus is also probably less than the biomass loss
since the exuviae are likely to have a lower energy to

mass content than the entire body.

The variation in estimated production of the
different computation methods was not very large with the
exception of the IGR estimate. In both habitats the IGR
method estimates production to be at least 25% greater
than the M+F size-~frequency estimate (26% algal, 292
seagrass). This higher estimate may be partially due to
the assumption of linear growth for all amphipods when
determining size specific instantaneous growth rates. In
reality large amphipods probably have reduced growth

rates, thus their production is overestimated. Vassallo
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and Steele (1980), Savage (1982), and Nair and Anger
(1979) have all demonstrated that growth of amphipods (in
length) tends to be linear until maturation, after which

the rate decreases.

Within the seagrass habitat the four size-frequency
estimates are fairly close. The production estimates
generated by excluding every alternate sample date
indicate that with only half the sampling effort (monthly
samples) the estimates of production were only 4-12%
different than the entire 26 foftnightly sample data set.
Because secondary production estimatiom is mnot precise,
such a trade off is acceptable. Lapchin and Neveu (1980)
have reported similar calculation differences for three of
four aquatic insect species when sampling frequency was
decreased. The most accurate value of the four seagrass
habitat size~frequency estimates is probably that obtained
from the sum of the male and female subgroups (M+F) since
any bias due to dimorphic size differences are eliminated.
However, the dimorphic size difference was only one size
class and resulted in a minor change in the production
estimate. Waters and Hokenstrom (1980) have suggested
that in populations where sexes grow to different maximum
sizes the size class factor (C) might be reduced to C-1.
Using that procedure in this study would lead to an
estimate that is 10Z lower than actusal separation of sexes

for the seagrass habitat.
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Between habitat comparisons show that despite tﬁe
relatively brief presence of G. mucronatus in the algae
habitat, production was more than double that observed in
the seagrass bed. This higher productior reflects the
very high amphipod densities as compared to those observed
in the seagrass habitat. The higher P/B”s of the algal
habitat probably result from these high densities
coinciding with favorable growth conditions. One of the
only other studies which has examined amphipod production
in two habitats (Martien and Benke 1977) also reported P/B
differences between habitats of 6.8 and 8.1 for the
amphipod Crangonyx gracilig sp. They attributed the
differences to inadeQuate knowledge of the life history
and behavior of this amphipod. Food quality is a factor
that could result in different growth rates, thus
different P/i's. Growth of G. mucronatus is slower on an
algal diet than on a seagrass diet (Fredette 1983). Based
on this result I would have expected a lower P/E in the
algal habitat. Among the factors that may have led to
this discrepancy is the greater range of food sources
present in fhe field as compared to the laboratory

experiment.

The P/B’s predicted from the models vary from
2.2-37.6 (Table 4). The Robertson (1979) model produces
the closest estimate to my values, presumably because it

accounts for life span. The other two models (Mann 1969,



Table 4. Production/Biomass ratio estimates for Gammarus

mucronatus based on computation of predictive models.



TABLE 4

Model Predictions

Model

Mann (1969)
Banse and Mosher (1980)
Robertson (1979)

Predicted P/B

~
" & .
(=A%~ - I8 -}
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Banse and Mosher 1980) ignore factors which may be
affected by how quickly an organism grows. Simply
multiplying these latter estimates by the number of
cohorts would provide closer agreehent (19.5 and 42.3
respectively) and may be a reasonable modification
particularly for the Banse and Mosher (1980) model. The
Robertson (1979) model may prove to be useful as a
management tool, but it is dependent on obtaining a good
estimate of life span and should be tested with other data

sets before general application.

Instead of comparison of P/B values, which may
exhibit a fair degree of variation, Waters (1977) has
recommended the possible use of the term P/Bmax’ where the
production is divided by the maximum biomass observed over
the year. He reported that some studies show this value
to be consistently close to 1.5, but stresses that more
empirical evidence is needed. I concur with this
cautionary note as P/Bmax values of 13.8 for the seagrass

habitat and 3.9 for the slgal habitat are estimated.

It was previously concluded that monthly sampling
provided a reasonable estimate of the production of G.
mucronatus. However, I was able to determine voltinism
only through laboratory experimentation and with field
sampling intervals on a time scale of days (Fredette

1983). Future investigations of secondary production must
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clearly establish the voltinism of the organism under
study. The assumption that an organism has an annual life
history when in fact there is at least one summer cohort
can result in a production estimate half as great as the
actual value, If I had acsumed one generation per year
for G. mucronsatus, the seagrdss habitat production would
have been egtimated at 0.7 g'm—z'yr-l, 15Z of the

estimated (M+F) value.

There is a clear need for more study of the
production dynamics of warm shallow marine habitats. It
is unlikely that most invertebrate groups will exhibit the
short generation times some amphipods are capable of in
these habitats, but those species that do can be very
important in total community production. Shallow marine
and estuarine areas are likely to receive greater impact
from man“s activities relative to deeper areas and must be
well understood if we are to evaluate their importance in

the marine ecosystem.
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Size-Frequency Estimate Production Calculations
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Seagrass—8 DEC TO 16 FEB

* cohort adjustment factor

517.3 x 0.75 = 389.4 mg'm >

CLASS 8 DEC 22 DEC 5 JAN 19 JAN 2 FEB 16 FEB
1 9.7 27.5 25.3  15.1 73.3
2 717 27 06 : 34-7 5-7
3 7.7 9.7 21.0 5.3 15.1
4 4.1 6.5 14.7 23.3
5 41 27.5 147 8.1 12.4
6  14.3 12.9 9.3 23.3 12.4
7 7.7 6.5 15.1 12.4
8 8.1 5.7
Ej # LOST  WL. AT  WT. P
(n°n %) BETWEEN 10SS  LOST (mg'm 2
CLASSES _(mg) (mg)
25.2 496  0.08 1.01 8.1
12.6 2.8  0.28 0.78 6.3
9.8 1.7  0.70 1.19 9.5
8.1 30 1.41 -4.23 -33.8
.1 59 2.48 -2.23 -17.9
120 55 4.00 20.40 163.2
6.9 46  6.06 27.78 222.3
2.3 2.3 8.68 19.96 159.7

150.9
75.7
58.8
48.6
66.8
72.2
41.7
13.8
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Seagrass—2 MAR TO 25 MAY

CLASS 2 MAR 16 MAR 30 MAR 13 APR 27 APR 11 MAY 25 MAY SUM

1 16.7 72,8 394.7 742.9 152.6 325.8 457.7 2163.2
2 23.2 ' 76.6 192.8 123.4 19.8 119.2  555.0
3 23.2 24,6 10.7 27.0 152.6 39.6 65.6 343.3
4 34.3 5.7 10.7 13.5 35.8 54.0 48.4 202.4
5 16.7  24.6 54.0 24.2 119.5
6 35.9 27.6 13.5 5.3 12.6 17.3 112.2
7 16.7 10.7 6.8 7.2 41.4
8 24.6 10.7 35.3
9 5.4 5.4
nj # LOST WI. AT WT. P

(n'm-z) BETWEEN  LOSS LOST (mg‘mfz)

CLASSES (mgz gmgz

309.0  530,0  0.08 18.40 165.6
79:3 30,3  0.28 8.48 76.4
49.0 90,1 0.70 14.07 126.6 ‘
28:9  11.8  1.41 16.64 149.7
17.1 41 2,48 273 24.6
lz': 10.1  4.00 40.40 363.6

0.9  6.06 5.44  48.9
350 4.2 8.68 36.46 328.1
0.8 4.8 11.99 9.50 86.3

1369.8 x 2.5'= 3412.5 ng'm >

* cohort adjustment factor



Seagrass-—-8 JUN TO 23 NOV

CLASS 8 JUN 22 JUN 6 JUL 20 JUL 3 AUG 17 AUG 31 AUG
1 600.3 183.3 4&4.3 63.4 77.9 39.0
2 279.0 113.3 24.6 6.1 45.0 45.9
3 104.3 183.3 50.4 17.1 39.5 6.9 7.8
4  90.6 57.3 44.3 11.0 6.9 7.8
5 24.8 12.7 12.3 |
CLASS 14 SEP 28 SEP 12 OCT 26 OCT 9 NOV 23 NOV _ SUM _
1 9.8 33.6 5.3 7.7 1056.0
2 513.9
3 4.5 8.3 512.1
4 7.7 217.9
5 7.7 49.6
6 30.0  30.3
EJ. # LOST WT. AT  WT. P
(n°m %) BETWEEN  1L0SS LOST (mg'm'2
CLASSES Smg! Smg)
8.9 424  0.08 3.39  17.0
39.5
0.1 0.28 0.03 0.1
394 901 0.70 15.47  77.3
7.3 129  1.41 18.19  90.9
4% 91 248 s5.21  26.0
23 23 4.00 9.20  46.0

* cohort adjustment factor

257.4 x 5.6 = 1441.6 mg'm

2
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Females-—Seagrass—-8 DEC TO 16 FEB

CLASS B DEC 22 DEC 5 JAN 19 JAN 2 FEB 16 FEB _SUM

1 4.8 13.7 12.6 7.5 36.6 75.2
2 7.7 13.8 14.6 5.7 41.8
3 4.1 6.5 5.3 8.1 24.0
4 4.1 6.5 9.3 15.1 35.0
5 27.5 5.3 8.1 12.4 53.3
6 23.3 5.7 29.0
7 8.1 12.4 20.5
n._.l # LOST WT. AT WI. P

(n'm-z) BETWEEN LOSS LOST (mg'm"z)
CLASSES (mg) _(mg)

12.5 5.5  0.08 0.44 3.1
7.0 306 0.28 0.8 5.8
4.0

_108 0070 ""1-26 "8 08
5.8 3.1 1.41 -4.37 -30.6

8.9 41 2.48 10.17  71.2
4.8 14 4.00 5.60 39.2
3.4

3.4 6.04 20.54 143.7

223.7 x 0.75' = 167.7 mg'm >

* cohort adjustment factor
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Females--Seagrass--2 MAR TO 25 MAY

CLASS 2 MAR 16 MAR 30 MAR 13 APR 27 APR 11 MAY 25 MAY _ SUM
36.4 197.3 371.4 76.3 162.9 228.8 108l.4

1 8.3

2 5.6 30.3 113.3 67.7 12.6 62.2 291.7
3 23.2 12.3 10.7 6.8 70.3 27.0 24.2 174.5
4 11.1 5.7 11.9 32.4 29.4 90.5
5 11.1  12.3 32.4 12.1 67.9
6 18.0 27.6 5.3 7.2 12.1 70.2
7 16.7 10.7 6.8 34.2
8 5.7 5.7

E} # LOST WT. AT  WT. P

(n'm™2) BETWEEN 10SS  LOST (mg n %)
CLASSES _(mg) (mg)
154.5  132.8  0.08 9.02 72.2

4.7 16,8  0.28 470  37.6
12.0 0,70 8.40  67.2
12.9 3.2 1.41 451 3.1
97 0.3 2.8 -0.74  -5.9
10.0 51 4.00 20.40 163.2
49 41 6.06 24.76  198.1 .
0.8

0.8 8.68 6.94 55.5

————

624.0 x 2.5 = 1560.1 mg m >

* cohort adjustment factor
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Females-—-Seagrass--8 JUN TO 23 NOV

CLASS 8 JUN 22 JUN 6 JUL 20 JUL 3 AUG 17 AUG 31 AUG

1 300.1 91.6 22.1 31.7 38.9 19.5
2 157.7 38.2 6.1 16.5 19.9
3 109.5 76.4 12.3 16.5 6.9 7.8
4 42.4 25.4 26,6 6.1 6.9
5 17.5

CLASS 14 SEP 28 SEP 12 OCT 26 OCT 9 NOV 23 NOV _SUM
1 4.9 16.8 2.6 3.8 532.0
2 ‘ 238.4
3 4.5 8.3 242.2
4 7.7 113.1
5 7.7 25.2
6 22.3  22.3
n,  #LOST WI.AT  WI. P

(n'm ) BEYWEEN L10SS  LOST (mg'm 2)
CLASSES _(mg) _(mg)

40.9 26  0.08 1.8l 9.0

183 0.3 0.28 -0.08 -0.4
18.6

9.9  0.70 6.93  34.6

8.7 6.8  1.41 9.59  47.9

1.9 o.2  2.48 0.50 2.5
1.7

1.7 4,00 6.80 34.0

127.6 x 5.6 = 714.6 mg m >

* cohort adjustment factor



Maleg——Seagrass—8 DEC to 16 FEB

CLASS 8 DEC 22 DEC_ 5 JQ]_ 19 JAN 2 FEB 16 FEB _SUM
1 4.8 13.7 12.6 7.5 36.6 75.2
2 13.8 20.0 33.8
3 7.7 4.1  12.9 8.1 32.8
A 5.3 8.1 13.4
5 4.1 9.3 13.4
6 14.3 12.9 9.3 5.7 42.2
7 7.7 6.5 8.1 C 22.3
8 8.1 5.7 13.8

Ej # LOST WT. AT  WT. P

(n'm'z) BETWEEN  LOSS LOST (mg‘m'2

CLASSES Smg) Smg!

2.5 6.9  0.08 0.5 4.4
3.6 0.1  0.28 0.03 0.2
33 33 0.0 2.31 18.5
2.2 9.0 1.41 0.00 0.0
2.2 4.8 2.48 -11.90 -95.2
7.0 3.3 4.00 13.20 105.6
3.7 1.6 6.0 8.46  67.6
2.3 2.3  8.68 19.96 159.7

* cohort adjustment factor

260.8 x 0.75 = 195.6 mg'm 2
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Males-Seagtass—-z MAR to 25 MAY

SS 2 MAR 16 MAR 30 MAR 13 APR 27 APR 11 MAY 25 MAY SUM

CLA:
1 8.3 36.4 197.3 371.4 76.3 162.9 228.8 1081.4
2 14.3 46.3 79.4 55.7 7.2 57.0 259.9
3 12.3 20.3 82.3 12.6 41.5 169.0
4 23.2 10.7 13.5 23.9 19.8 17.3 108.4
5 5.6 12.3 19.8 12.1 49.8
6 18.0 13.5 7.2 5.2 43.9
7 7.2 7.2
8 18.0 10,7 28.7
9 5.3 . 5.3
# LOST WT. AT WI. P

n.

b

(a'm %) BETWEEN 10S§  LOST (mg'm 2)
CLASSES _(mg) (mg)

154.5 117.4 0.8 9.39  84.5
37.1 330  o0.28 3.64 32.8
26.1 86  0.70 6.02 54.2
15.5 8.4 1.41 11.84 106.6

7.1 0.8 248 1.98 17.9
6.3 5.3 4.00 21.20 190.8
1.0 3.1 6.04 -18.72 -168.5
:°; 3.3 8.68 28.64 257.8

0.8 11.99 9.59 86.3

* . =2
662.3 x 2.5 = 1655.8 mg’m

* cohort adjustment factor



Males--Seagrass—8 JUN
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TO 23 NOV

3 AUG 17 AUG 31 AUG

CLASS 8 JUN 22 JUN 6 JUL 20 JUL
300.1 91.6 22.1 31.7 38

121.2  76.4 18.4

48.2 31.8 18.4
5.8 12.7 12.3

SN -

6
84.7 106.9 38.1 17
6

1 27
Jd 21
1

CLASS 14 SEP 28 SEP 12 OCT 26 OCT 9 N

9 19.5
4 26,0
.9
7.8

0V 23 _NOV _SUM

LW

E& # LOST WT. AT  WT.

(n'm %) BETWEEN LOSS LOST

4.9 16.8 2

P

(mg'm

.6 3.8 532.0
275.5
268.7
112.3
30.8 -
7.7 7.7

2

CLASSES _ (mg) (mg)

40.9 197  0.08 1.58
2.2 455  0.28 0.14
207 191 0.70 8.47
8.6 5.2 1.41 8.74
2.4
1.8 2.48  4.46
0.6

0.6 4.00 2.40

* cohort adjustment factor

7.9
0.7
42.3
43.7
22.3
12.0

129.0

x 5.67'“== 722,2 mg'm-2
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ok
Algae-—8 DEC TO 23 NOV

CLASS 8 DEGC 22 DEC_ 5 JAN 19 JAN 2 FEB 16 FEB 2 MAR 16 MAR 30 MAR

1 16 .4

2 11.7 3.6 5.4

3 5.8 7.2

4 16 .4 17.3

5 32.6 5.8 3.6

6 16 .4 | 11.7 3.6
CLASS 13 APR 27 APR 11 MAY 25 MAY 8 JUN 22 JUN 6 JUL _SOM

1 107.7 215.3 1560.0 2477.4 966.8 242.9 288.0 5874.5

2 32.6 267.5 1358.3 463.3 202.4 63.0 2407.8

3 8.3 32.6 98.2 1219.4 354.6 404.7 72.0 2202.8

4 16.6 39.2 116.0 802.6 62.9 242.9 1313.9

5 58.7 53.4 370.5 11.1 535.7

6 26.1 8.9 77.1 40.5 184.3

7 16.6 6.5 8.9 32.0

8 6.5 8.9 14.4

n. 4 LOST WT. AT  WT. P

i
(n°m2) BETWEEN 108§ ° LOST (mg'm"2

CLASSES _(mg) (mg)

225.9 1333 0.08 10.66 85.3
926 7.9 0.28 2.21 17.7
84.7 344 0.70 24.08 192.6
03 297 1.4 41.88 335.0
206 13,5 2,48 33.48 267.8

7.1 5.9 4.00 23.60 188.8
12 0.6 6.064 3.62 29.0
0.6

0.6 8.68 5.20 41.7

1157.9 x 8.85 = 10247.4 mg m 2 yr

* cohort adjustment factor
*k G. mucronatus not present 20 JUL to 23 NOV
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*k
Males——-Algae——8 DEC TO 23 NOV

CLASS 8 DEC 22 DEC 5 JAN 19 JAN 2 ¥EB 16 FEB 2 MAR 16 MAR 30 MAR
1 8.2
2 8.8 3.6 2.7
3 5.9 3.6
4 5.9
5 16.4
6 11.7

CLASS 13 APR 27 APR 11 MAY 25 MAY 8 JUN 22 JUN 6 JUL SUM

1 53.8 107.6 780.0 1238.5 483.4 121.4 144.0 2937.3
2 26.1 151.5 598.1 205.9 40.5 36.0 1073.2
3 8.3 6.5 44.5 517.0 177.4 8l.0 9.0 866.8
4 8.3 6.5 53.4 385.8 28.6 121.6 616.9
5 19.5 8.9 223.8 11.4 287 .3
6 13.1 8.9 61.8 _ 95.5
7 8.9 : 8.9
8 6.5 6.5
n. # LOST WT. AT WI. P

3
(n'm—z) BETWEEN 1LOSS LOST (mg'm-z)

CLASSES _ (mg) {mg)

3.0 ;17 o0.08 5.7  45.9
4.3 g5 0.28 2.4 19.0
328 93 0.70 6.5 52.1
23.5

12.7  1.41  17.9 143.3
108 ;1 248 17.6 140.9
3.7 3.6  4.00 13.6 108.8
0.3 0.0  6.06 0.00 0.0
0.3

0.3 8.68 2.6 20.8

530.8 x 8.85 = 4697.6 mg°m ~'yr L

* cohort adjustment factor
*% G, mucronatus not present 20 JUL to 23 NOV
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ok
Females~-Algae——8 DEC TO 23 NOV

CLASS 8 DEC 22 DEC 5 JAN 19 JAN 2 FEB 16 FEB 2 MAR 16 MAR 30 MAR

1 8.2

2 2.9 2.7
3 3.6

4 16 .4 11.7

5 16 .4 5.8 3.6

6 16.4 : 3.6

7

8 8.5

CLASS 13 APR 27 APR 11 MAY 25 MAY 8 JUN 22 JUN 6 JUL _SUM

1 53.8 107.6 780.0 1238.5 483.4 121.4 144.0 2937.3
2 6.5 115.9 760.1 257.4 161.9 27.0 1334.4
3 26.1 53.4 694.5 171.6 323.8 63.0 1336.0
4 8.3 32.6 63.3 409.0 34.3 121.4 697.0
5 39.2 44,5 138.9 248.4
6 13.1 15.5 40.5 89.1
7 16.6 6.5 23.1
8 8.9 17 .4
nj # LOST WT. AT WI. P

(n°m %) BETWEEN 1L0SS  LOST (mg'm 2

CLASSES (mg) (mg)

3.0 677  0.08 4.9 39.5
51.3

0.1 0.28 0.0 -0.2
51.4

24.6  0.70 17.2 137.8
26.8

17.2  1.41 24,3 194.0
9.6 6.2 2.48 15.4 123.0

3.4 55 4.00 10.0  80.0
0.9 9.2  6.06 1.2 9.7
0.7

0.7 8.68 6.1 48.6

632.3 x 8.85 = 5595.9 mg"m >'yr

* cohort adjustment factor
** G, mucronatus not present 20 JUL to 23 NOV
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